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Since the inception of the use of synthetic materials to interact with or replace 
biological systems, the field of biomaterials research has been one of intense work and 
constant innovation. Nowadays, the search of bioactive materials that regulate cell 
function in a desired manner is perhaps one of the most coveted goals in this area. 
However, the highly complex and interactive environment of biological systems has 
made of this task a very demanding one, especially because of the vast variable space 
involved. New experimental techniques, such as combinatorial methods, that overcome 
limitations of actual archetypes of material research have permitted to effectively 
address this large amount of variables. 
Combinatorial techniques are utilized in this work to prepare combinatorial 
libraries of the blend of the biodegradable polymers Poly(ε-caprolactone) and Poly(lactic 
acid). These libraries present continuous composition and temperature gradients in an 
orthogonal fashion that permit to obtain multiple surface morphologies with controllable 
structures due to the blend’s low critical solution phase behavior (LCST). 
The goal of this study is to investigate the effect of surface morphology on cell 
behavior. The varied surface topography of the combinatorial libraries is used as a 
valuable tool that permits to assay the interaction between MC3T3-E1 cells and 
hundreds of different values of surface properties, namely, surface roughness and 
microstructure size. The outcome of this tool is a rapid screening of the effect of surface 
topography on cell behavior that is orders of magnitude faster than the standard 
1-sample for 1-measurement techniques. 
The results obtained show that cells are very sensitive to surface topography, 
and that the final effect of surface properties on cell function is intimately related with the 
 xviii
stage of the cell developmental process. Meaning that, for instance, the region with 
optimal characteristics to elicit enhancement of cell attachment is not necessarily the 
same that promotes cell proliferation.  
This study imparts an improved understanding of an often neglected factor in 
biomaterials performance: surface topography. The results provide a new insight into the 
importance of taking into consideration both chemistry and physical surface features for 






Polymers have had a strong and direct impact on our way of life during the past 
50 years. Nowadays, from disposable cups to ultra strong airplane structures, polymers 
are present in almost any conceivable application and their use keeps growing in 
innumerable dissimilar fields. Certainly, biomedicine is not the exception. However, the 
use of synthetic polymers in this field is still cautious and narrow due to the extreme 
complexity of the interaction and response of biological systems to polymer surfaces. 
These limitations are mainly associated with polymer properties such as biostability and 
biocompatibility, which are directly related with long-term applications (i.e., orthopedic 
implants), where maintaining mechanical and thermal properties of the synthetic material 
inside the body’s environment (biostability), causing the minimal immunogenic 
phenomena and inflammatory response (biocompatibility) is desirable.   
 With new trends in the use of polymers in medicine another important factor to 
take into account has emerged: degradability. Degradability, as well as biocompatibility, 
is essential for short-term applications such as temporary vascular grafts; drug delivery; 
and scaffolds for tissue engineering, a quickly developing branch of bioengineering; 
where synthetic materials that act as a temporary mechanical support for natural tissue 
must gradually degrade and weaken under physiological conditions. Ultimately, these 
degradable synthetic scaffolds are entirely replaced by natural tissue.   
 The number of approved degradable synthetic polymers by the U.S. Food and 
Drug Administration (FDA) is incredibly meager, since potential toxicity and secondary 
effects of the degradation products have to be carefully considered. Only a few of these 
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FDA approved degradable polymers are used routinely for a considerable range of 
applications in medicine. The most widely employed are poly(glycolic acid) and 
poly(lactic acid), which degrade by random hydrolysis into glycolic and lactic acids 
(harmless physiological metabolites); and Poly(ε−caprolactone) [1-3]. However, following 
the continued interest in obtaining new biomaterials with desirable properties, a new 
breed of biocompatible, bioerodible and degradable polymers is arising. Poly(malic acid) 
is one of these and stands out as an attractive material for biomedical applications, given 
that it is biocompatible and degrades to nontoxic malic acid. Besides, functionalization of 
its side-chain carboxylic groups can lead to obtain an extensive set of polymers and 
copolymers with different hydrophobic/hydrophilic balances, useful for biocompatible 
devices [4].  
  No matter what the application of the biomaterial is, its surface properties play a 
critical role because they control the biological response to the material. Hydrophobicity 
or hydrophilicity; smoothness, roughness or porosity; presence or absence of ionic 
groups; elements exposed at the surface; and bioerodability or biostability are some of 
the most significant surface properties [5]. Surfaces with the ability to control and 
regulate physiological and cellular responses are possibly the most critical need when 
developing new biomaterials.  
 Extensive research has been done on cell-polymer interactions, focusing mainly 
on how the surface chemistry of the synthetic material affects cell function, overlooking 
the role of the substratum physical features on such interactions. Awareness that cell 
shape and surface topographic features are somehow interlocked dates back to the 
1930s. However, it wasn’t until 1964 when clear signs of the effect of surface structure 
on cell shape led to propose the hypothesis that cells react to the contour of the 
environment on which they are grown [6]. Moreover, cell shape seems to greatly affect 
cell function. Folkman and Moscona [7] modified the surface chemistry of plastic culture 
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dishes in way that allow manipulation of the shape of bovine endothelial cells, showing it 
was critical for DNA synthesis and cell growth. Subsequent studies, based on the fact 
that cell shape is inherently related to surface structural features, proved that variations 
in cell shape due to micrometric and nanometric topography alter important cell functions 
such as gene expression, signaling, protein synthesis and growth [8-19].  
The main challenge to discovering polymers with the optimum combination of 
chemical and physical surface properties to affect cell function in a desired way resides 
in the tremendous number of variables involved. This large variable space of parameters 
that can be adjusted to achieve changes in surface chemistry and structure overwhelms 
conventional single-sample for single-measurement techniques. High-throughput 
procedures have been developed in some limited fields to effectively screen large 
numbers of variables, i.e., combinatorial screening for catalyst research and drug 
discovery, and parallel PCR [20] used in genotyping. Similar approaches have been 
used for synthesis of novel degradable polymers in order to find structure-property 
correlations with cell interactions [21]. These techniques, while important for synthesis 
and control of bulk polymer chemistry, do not allow the rich variation in surface chemistry 
and structure that is desired. To overcome this problem combinatorial methods for 
preparing polymer “combinatorial libraries” with continuous surface property gradients 
have been developed [22, 23]. These methods are a streamlined way to search large 
ranges of composition and processing parameters [24] that allows fast and effective 
investigation, as hundreds to thousands of distinct chemistries and microstructure 
properties can be evaluated simultaneously. 
This thesis aims to expand on the applications of the gradient-library technology 
to a wider range of bioassays. We will explore the effect of surface topography of 
biodegradable polymer blends on mouse osteoblast-like MC3T3-E1 cells, utilizing 
polymeric composition–temperature gradient libraries as a fast and effective screening 
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strategy. Rapid characterization of the polymer blend characteristics (i.e., composition 
and surface roughness) and cell response due to polymer-cell interactions (i.e., 
adhesion, proliferation, etc.), can be achieved. Specifically, the study will focus on 
identifying synergistic effects in libraries of the FDA-approved poly(ε-caprolactone) 
(PCL) and poly(D,L-lactide) (PDLA) when cultured with MC3T3-E1 cells. These polymers 
hold very dissimilar material properties (i.e. crystallinity, glass transition temperature, 
and tensile modulus) [25], and exhibit varied surface microstructures at different 
temperatures (phase separation) when blended, as a result of a low critical solution 
temperature (LCST) phase behavior and PCL crystallization [3, 26]. These 
naturally-occurring phase-separation processes will be utilized to generate a rich array of 
dissimilar surface chemistries and microstructures on a single sample (library), whose 
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The field of medical and biomedical material research is an innovative area of 
endless and intense work. Its goal: to create synthetic and/or natural materials with very 
specific properties (i.e., biological interaction, biocompatibility, physicochemical 
characteristics, etc), that can be successfully used in the highly complex and interactive 
in vivo biological environment (biomaterials). Hence, a great deal of the work being done 
in this area is focused on exploring the effect of distinct surface characteristics on cell 
behavior and function (cell-surface interactions).  
The amount of dissimilar surface properties that can affect cell behavior and 
function is extremely broad. A few examples are modulation of cell attachment, 
spreading, and growth using polymer surfaces with diverse functional groups [1]; control 
of cyclin D1 and cell cycle progression with chemically patterned surfaces [2]; 
upregulation of cell proliferation and specific gene expression with changes in surface 
roughness [3]; promotion of contact guidance using textured surfaces [4]; changes in 
cytoskeletal organization with variation of surface wettability [5]; and control of cell 
proliferation with variation of polymer crystallinity [6]. However, as mentioned above, 
these are only a few of the myriad of different surface characteristics that can affect an 
even broader number of cell properties, making the characterization of a particular 
material a very difficult task. In addition, the steady increase of available materials to 
explore (specially polymers and polymer blends), coupled with standard measuring 
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techniques (single-sample for single-measurement), make more difficult to generate a 
unifying hypothesis on materials surface properties and their effect on different types of 
cells.  
 Combinatorial techniques stand as one feasible option to address this problem, 
as they allow assaying vast amounts of variables in a simultaneous fashion. These 
techniques have been successfully used in several other fields (section 2.2.9) and have 
gained recognition as an optimal approach for experiments where large amounts of 
variables are involved.  
Combinatorial methods are starting to be widely used in the bioengineering and 
biotechnology fields, and have already been proven to facilitate the study of the effect of 
surface properties on cell behavior and function. For example, Meredith et al [7] have 
use combinatorial libraries of polymer blends with low critical solution temperature phase 
behavior to create surface morphology variations that affect cell behavior. Brocchini et al 
[8] and Washburn and coworkers [6], have also demonstrated the power of 
combinatorial techniques by using combinatorial libraries to assay cell proliferation as a 





2.2.1. GENERAL CONCEPTS ABOUT CELLS AND ECM 
 
Cells are highly organized structures composed by organelles that perform very 
specialized functions (i.e., production of glyco and lipoproteins, DNA synthesis, and 
production of proteolytic enzymes). The remainder of the cell comprises the cytoplasm 
and the cell membrane, which surrounds both the organelles and the cytoplasm. 
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Different regions of the cell membrane correspond to different functions, such as 
mechanical attachment, adsorption, secretion, and communication with other cells [9, 
10].  
Microfilaments in the cytoplasm, made of actin, myosin, actinin, and tropomysoin, 
create a network, called cytoskeleton, that is responsible for cell adhesion and 
locomotion [10]. This network is connected to the membrane via integrin structures, 
which are receptors consisting of heterodimeric proteins with two membrane-spanning 
subunits [11]. Integrins play an important role on cell behavior as they have the ability to 
transduce bi-directional signals that engage reciprocal interactions between cells [12, 
13]. They also mediate cell adhesive interactions by binding to ligand motifs of adhesive 
proteins (i.e., fibronectin and vitronectin), that, in turn, bind to solid substrates, 
extracellular matrix components, and other cells. 
The extracellular matrix (ECM) is an intricate network of secreted extracellular 
macromolecules consisting primary of fibrous proteins embedded in a hydrated 
polysaccharide gel. ECM helps to hold cells and tissues together, and provides an 
organized lattice within which cells can migrate and interact with each other (paracrine 
cell signaling) [10]. The extracellular matrix occurs in two forms: interstitial matrix (i.e., 
connective tissue) and basement membrane (i.e., epithelium) [9]. Besides providing 
mechanical support for cellular anchorage, the diverse functions ECM include: control of 
cell growth, determination of cell orientation, support for cell proliferation and tissue 







2.2.2. CELL ADHESION AND SPREADING 
 
The vast majority of cell types undergo apoptosis (cell death) when deprived of 
adhesion to the ECM [14]. Hence, cell adhesion is generally regarded as a crucial 
survival factor for cells.  
In a physiological environment, protein adsorption (section 2.2.3) always 
precedes cellular adhesion. These preadsorbed proteins, in combination with proteins 
produced by the cell, and depending on the substratum characteristics, govern the 
strength and type of the adhesive sites. There are three regular types of adhesive sites 
between cells and solid substrata [15]: 
 
• Focal adhesion: Represents a very strong adhesion that generally involves 
binding to fibronectin. Corresponds to a 10-20 nm gap habitually observed at the 
cell boundaries. 
 
• Close contact: Corresponds to a 30-50 nm gap generally surrounding the focal 
adhesions. 
 
• Extracellular matrix contacts: Formed by strands and fibers of ECM material that 
connect the ventral cell wall with the underlying substratum. Gap > 100 nm. 
 





























Figure 2.1. Cell-substratum contact sites. a) Focal adhesion points, strong adhesive 
sites, are mainly found at the boundaries of cellular extensions. The 
integrin connects the cytoskeleton with the substratum via fibronectin. b) 
Close contacts (less strong adhesive sites). c) Localization of the different 
adhesive sites. MF: microfilaments, M: cell membrane, AP: adhesive 
protein, FN: fibronectin, ECMC: extracellular matrix contact, C: close 
contact, F: focal adhesion [9]. 
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As mentioned before, cells can also adhere to the ECM or to other cells. The 
contacts formed in these kinds of interactions differ significantly from those found in 
cell-surface interactions, and are characterized by four regular adhesive sites: gap 
junction (nexus), formed by an array of plaque-like connections between the plasma 
membranes of adjacent cells (gap ~ 4 nm); desmosome, mechanical attachment formed 
by the thickened plasma membranes of two adjacent cells, containing dense material in 
the intercellular (gap ~ 30-50); hemidesmosome, equivalent to desmosomes between 
cells and ECM; and tight junction, formed when adjacent cell membranes adhere to each 
other (gap < 5 nm). 
 Once cells attach to a surface they spread onto it as a result of the combined 
process of continuing adhesion and cytoplasmic contractile meshwork activity. 
Spreading induced stress promotes the generation of actin stress fiber and cytoskeleton 
development. Cell adhesion and spreading are directly influenced by the 
physicochemical characteristics of the underlying solid surface.  
 
2.2.3. CELL-SURFACE INTERACTIONS 
 
The importance of proteins in biomaterials science stems primary from their 
inherent tendency to deposit on surfaces as a strongly bound adsorbate layer, and the 
noticeable influence these deposits have on cell-surface interactions. 
 Generally, synthetic foreign materials acquire bioreactivity only after first 
interacting with dissolved proteins. Adsorbed proteins transform an inert, non-
thrombogenic material in to a biologically active surface that can modulate cell adhesion, 
spreading, and function [16]. 
 It is thought that the particular properties of surfaces, as well as the specific 
properties of individual proteins, together determine the organization of the adsorbed 
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protein layer, and that the nature of this layer, in turn, determines the cellular response 
to the adsorbed surfaces. For example, it has been observed that poor cell spreading is 
achieved on hydrophobic substrata while good cell spreading is promoted over 
hydrophilic substrata in both the absence and presence of serum proteins  (figure 2.2) 
[17]. The substratum characteristics are reflected in the composition and conformation of 
different kinds of adsorbed proteins, namely, serum proteins and cell-produced proteins, 











Figure 2.2. Cell spreading as a function of substratum surface free energy (γS, 
wettability). Dotted line represents cell spreading in the absence of 




Other material properties such as negatively charged surface groups, surface 
topography, roughness, texture, and porosity, have been shown to elicit unquestionable 







The inception of the use of non-living substrata to replace living tissue can be 
traced back to more than 2000 years ago when Aztecs, Chinese, and Romans used gold 
inserts to replace lost or damaged teeth. Later on, through history, glass and wood 
followed as the materials of choice. However, it wasn’t until the second half of the last 
century when a vast upsurge in the diversity of materials to replace or interact with living 
tissue was witnessed. Nowadays, these substrata or external materials, habitually 
referred to as biomaterials, are utilized in diverse applications (i.e., cell culture devices, 
bioreactors, bioelectronics, etc). Yet, their primary and most notorious use resides in the 
medical field [20].  
 Perhaps the most well known and widespread applications of biomaterials in 
medicine are substitute heart valves to correct degenerated, damaged, or congenitally 
diseased heart valves; artificial hip joints to mend acute joint wear due to excessive 
stress, or because degenerative or rheumatologic disease; intraocular lenses to replace 
cloudy and cataractous natural lenses; and dental implants. However, there is a vast 
variety of other clinical applications for biomaterials, each one with its own specific 
requirements. For example, bone implants are favored by materials that elicit intimate 
and synergistic cell-material interactions (osteoconductivity). On the contrary, to avoid 
thrombogenic effects, materials used in cardiovascular applications must remain 
biologically inactive or, in other words, “invisible” to cells. Table 2.1 lists a few traditional 





Table 2.1.  Applications of synthetic materials and modified natural materials in 
medicine [20]. 
 
Application Types of materials 
  
Skeletal system  
 Joint replacements (hip, knee) Titanium, Ti-Al-V alloy, stainless steel, polyethylene 
 Bone plate for fracture fixation Stainless steel, Co-Cr alloy 
 Bone cement Poly(methyl methacrylate) 
 Bony defect repair Hydroxylapatite 
 Artificial tendon and ligament Teflon, Dacron 
 Dental implant for tooth fixation Titanium, alumina, calcium phosphate  
Cardiovascular system  
 Blood vessel prosthesis Dacron, Teflon, polyurethane 
 Heart valve Reprocessed tissue, stainless steel, carbon 
 Catheter Silicon rubber, Teflon, polyurethane 
Organs  
 Artificial heart Polyurethane 
 Skin repair template Silicone-collagen composite 
 Artificial kidney (hemodialyzer) Cellulose, polyacrylonitrile 
 Heart-Lung machine Silicone rubber 
Senses  
 Cochlear replacement Platinum electrodes 
 Intraocular lens Poly(methyl methacrylate), silicone rubber, hydrogel 
 Contact lens Silicone-acrylate, hydrogel 
 Corneal bandage Collagen, hydrogel 
 
Polymers, exceptionally versatile materials, have been widely used in countless 
different applications in medicine and bioengineering because of their adaptableness 
and excellent physicochemical properties. Moreover, today, polymers are taking the 
vanguard in the biomaterials field as constant evolution of polymer design and synthesis 
is coupled with a steady improvement of manufacturing processes. The result is robust 
and enduring materials that are more stable and durable than their predecessors, and 
that can withstand the harsh body environment preserving their physical and chemical 
characteristics. However, there’s a type of polymeric materials with the opposite 
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durability and stability character that, lately, is getting a great deal of attention in 
medicine and bioengineering, namely, degradable polymers. 
 
2.2.5. DEGRADABLE POLYMERS 
 
 Contrary to general beliefs, there are certain conditions and applications where 
polymers with reduced long-term chemical resistance (degradable polymers) are sought. 
Disposable products and plastic packaging are maybe some of the few examples where 
the use of degradable polymers is known to be beneficial, as they ease waste 
management due to their rapid chemical degradation and structure breakdown. 
However, degradable polymers are becoming of increasing significance in a myriad of 
dissimilar areas and applications that, perhaps, are not that well known, or where the 
use of degradable materials was thought to be detrimental. Medicine, bioengineering, 
and pharmaceuticals are good examples of fields where prompt decomposition of 
polymeric materials can bring out desired effects. 
 What is the definition of a degradable polymer? Well, the answer is not simple 
since at the end all polymers degrade one way or another; some of them after incredibly 
long periods of time (table 2.2). Thus every polymer would have to be considered as 
degradable. To eliminate this vagueness an additional criterion met by degradable 
polymers but not by non-degradable ones has to be introduced. Measuring degradation 
in terms of a relative time, like the duration of an application or the human life time, 
instead of an absolute time is a plausible one. Usually, if a polymer doesn’t degrade 





Table 2.2.  Half-life of some classes of polymers [21]. 
Polymer class Half-life 
  
Poly(anhydrides) 0.1 h 
Poly(ortho esters) 4 h 
Poly(esters) 3.3 years 
Poly(amides) 83,000 years 
 
 
The criterion of a relative time to define polymer degradability led to the definition 
of a Deborah number. Deborah numbers, which are dimensionless, were first used to 
classify viscoelastic materials into more viscous ones and more elastic ones, and also 
for characterization of polymer swelling. In the case of degradable/non-degradable 
polymers a Deborah number that allows distinguishing between them can be defined as 
follows [22]: 
 
 time of degradation
human lifetime
D =  (2.1) 
 
Small values for D (D  0) would be characteristic of highly degradable polymers and 
large ones (D  ∞) of nondegradable polymers. Evidently, the Deborah values sought 
for a degradable polymer depend directly on the type of application of such polymer. In 







2.2.6. DEGRADATION, EROSION, BIODEGRADATION, BIOEROSION 
 
There’s still no agreement on a single definition for erosion and degradation. 
Likewise, the meaning of the prefix bio is not well established, leading to the frequently 
interchangeable use of terms “erosion” and “bioerosion” or “degradation” and 
“biodegradation”.  It is therefore necessary to define the usage of these terms in the 
context of this work. 
 Degradation is the process of polymer chain break by cleavage of the polymer 
backbone. Consequently degradation leads to a size reduction of the polymer chains. 
Erosion, on the other hand, is the mass loss of a polymer matrix due to the loss of 
monomers, oligomers or even pieces of nondegraded polymer. Erosion can be the result 
of chemical, physical or biological effects (it is obvious that degradation is a part of 
polymer erosion) [23, 24].  
 Biodegradation should be used only when a biological agent, i.e. an enzyme, is a 
central component of the degradation course [25]. Therefore, the degradation of 
poly(lactic acid) into lactic acid caused by hydrolytic cleavage of the polymer backbone 
should not be described as “biodegradation”, since there’s little or no evidence of active 
enzyme participation this process. In the case of bioerosion the bio suffix indicates that 
the erosion process, as defined before, occurs under physiological conditions, as 
opposed to other physical or chemical erosion processes such as high temperature, UV 
exposure or contact with strong acids or bases [20]. 
 
2.2.7. DEGRADABLE POLYMERIC BIOMATERIALS  
 
Degradable materials for use in medical and biomedical applications, or that 
have to be in contact with biological systems, must fulfill more rigid requirements in 
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terms of their biocompatibility than their nondegradable counterpart.  Potential toxicity of 
the degradation products and subsequent metabolites must also be considered, being 
the practical outcome of this that only a limited number of nontoxic materials have been 
effectively used to manufacture degradable biomaterials.   
 
Figure 2.3.  Chemical structures of degradable polymers [20, 26].  
Hundreds of hydrolytically unstable polymers have been suggested as 
degradable biomaterials. However, detailed investigations of degradation rates and 
mechanisms, thorough toxicological studies, and in depth evaluations of physical and 
chemical properties have been done, until now, for just a minute fraction of those 
polymers. Poly(lactic acid) and poly(glycolic acid) are examples of some of these few 
widely investigated polymers [20, 26].  
   






















        
Poly(glycolic acid) (MW: 50,000) 3.5 210 n/a n/a n/a n/a n/a 
Poly(lactic acids) 
   L-PLA (MW: 50,000) 54 170 28 1200 1400 3.7 6.0 
   L-PLA (MW: 100,000) 58 159 50 2700 3000 2.6 3.3 
   L-PLA (MW: 300,000) 59 178 48 3000 3250 1.8 2.0 
   D,L-PLA (MW: 20,000) 50 - n/a n/a n/a n/a n/a 
   D,L-PLA (MW: 107,000) 51  29 1900 1950 4.0 6.0 
   D,L-PLA (MW: 550,000) 53 - 35 2400 2350 3.5 5.0 
Poly(β-hydroxyburyrate) (MW: 422,000) 1 171 36 2500 28.50 2.2 2.5 
Poly (ε-caprolactone) (MW: 44,000) -62 57 16 400 500 7.0 80 
Polyanhydrides
a
   Poly(SA-HDA anhydride)  
   (MW: 142,000) 
n/a 49 4 45 n/a 14 85 
Poly(ortho esters)
b
   DFTOSU : t-CDM : 1,6-HD  
   (MW: 99,700) 
55 - 20 820 950 4.1 220 
Polyiminocarbonates
c
   Poly(BPA iminocarbonate)  
   (MW: 105,000) 
69 - 50 2150 2400 3.5 4.0 
   Poly(DTH iminocarbonate)  
   (MW: 103,000) 
55  40 1630 n/a 3.5 7.0 
 
aA 1 : 1 copolymer of sebacic acid (SA) and hexadecanedioic acid (HDA) was selected as a specific example. 
bA 100:.35:6S copolymer of 3,9-bis(ethylidene 2,4,8,10-tetraoxaspiro(5,5) undecane) (DETOSU), trans-cyclohexane dimethanol (t-CDM) 
and 1,6-hexanediol (1,6-HD) was selected as a specific example. 
cBPA: Bisphenol A; DTH: desaminotyrosyl-tyrosine hexyl ester.  
 
It is remarkable that a large portion of the presently studied degradable polymers 
are polyesters. Research has led to new tentative degradable polymers that can find 
practical applications as biomaterials in the near future, namely, polyanhydrides; 
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polyhydroxybutyrate (PHB), polyhydroxyvalerate (PHV), and their copolymers; 
polycaprolactone; poly(ortho esters); poly(amino acids) and “pseudo”-poly(amino acids); 
polycyanoacrylates; and polyphosphazenes. Some of their structural formulas and 
mechanical properties, including those of poly(lactic acid) and poly(glycolic acid), are 
shown in figure 2.3 and table 2.3 respectively. 
Whether or not these alternative backbone structures can challenge the 
dominant position of polyesters remains to be seen. 
The next 2 sections show some characteristics of the polymers used in this work, 
namely, Poly(lactic acid) and Poly(ε-caprolactone). 
 
2.2.7.1. POLY(LACTIC ACID) AND POLY(GLYCOLIC ACID) 
 
Poly(lactic acid) (PLA) and poly(glycolic acid) (PGA), which are also referred to 
as polyglycolide and polylactide, are currently the most widely investigated and 
commonly used bioerodible polymers. 










Figure 2.4.  In vitro degradation of PGA. Retained tensile strength vs. time [28]. 
Without its unique crystalline behavior, PGA would degrade much faster. 
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PGA, relative to other biodegradable polymers, is highly crystalline, with a 
crystallinity range reported in the range of 35-75%. The molecular and subsequent 
crystalline structure of PGA allow very tight chain packing and consequently give to the 
material some very unique mechanical, physical, and chemical properties. For example, 
its specific gravity is around 1.5-1.7 which is very high for a polymeric material. It also 
has a high melting point and low solubility in most organic solvents. 
PGA, which is the simplest linear aliphatic polyester (figure 2.3), degrades by 
hydrolysis of the easy accessible and hydrolytically unstable aliphatic-ester linkages. 
The degradation time, usually a few weeks (figure 2.4), depends on multiple factors like 
molecular weight, degree of crystallinity, crystal morphology, and physico-chemical 
characteristics of the environment.   
To adapt to a wider range of potential application the material properties of PGA, 
it has been copolymerized with the more hydrophobic PLA. In thin films, for example, the 
hydrophobic of PLA limits the water uptake to about 2% and decreases the rate of 
backbone hydrolysis compared to pure PGA. 
 




While structurally very similar to PGA, PLAs have quite different chemical, 
mechanical and physical properties due to the presence of a pendant methyl group on 
the alpha carbon (figure 2.3). This makes the PLA a chiral molecule and the D, L, and DL 
isomers are possible. The two stereoregular isomers D-PLA and L-PLA are made from 
D(+)-lactide and L(-)-lactide respectively; while D,L-PLA is a racemic mixture of the 
optically active L(-) and D(+) isomers. A fourth morphological form —meso-PLA— rarely 
used in practice, has both the L(-) and the D(+) configurations on the same dimmer 
molecule. D-PLA and L-PLA are semicrystalline polymers, while D,L-PLA Is a completely 
amorphous material. Commonly, L-PLA is more frequently employed than D-PLA, since 
the hydrolysis of L-PLA generates L(+) lactic acid, which is the natural occurring 
stereoisomer of lactic acid.  
The methyl group in PLA makes the carbonyl of the ester link sterically less 
accessible to hydrolytic attack, which; depending on certain factors like the type of PLA, 
its molecular weight, and its degree of crystallinity; makes the PLAs typically more 
hydrolytically stable than PGA when exposed to the same environment (figure 2.5). It’s 




Poly(ε-caprolactone) (PCL) is a semicrystalline degradable polymer with a 
relatively low melting point (Tm) ~60°C [29, 30]. The molecular structure of PCL consists 
of a single relatively polar ester group and five nonpolar methylene groups (figure 2.3). 
This gives to PCL certain unique properties, namely; mechanical characteristics similar 
to polyolefins, due to its high olefinic content; and degradability, due to the presence of 
hydrolytically unstable aliphatic-ester links. This, combined with its high solubility and low 
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melting point, makes PCL compatible with numerous other polymers, giving it the 
exceptional ability to easily form blends [31]. 
Polycaprolactone degrades at a slower pace than PLA (figure 2.6), one reason 
why it is used in applications where the polymer has to maintain its physico-chemical 
properties for more than a few weeks, i.e. drug delivery. 
Regarded as a non toxic and tissue-compatible material by extensive 
toxicological studies, and with a unique blend of characteristics, polycaprolactone stands 











Figure 2.6. In vivo degradation of absorbable sutures [22]. PDS® and MAXON® are 
commercial PLA-PGA sutures. 
 
 
2.2.8. POLYMER BLENDS 
 
Polymers are rarely used in pure form, but are rather blended in most 
commercial applications.  Polymer blends are the result of mixing together two or more 
polymers or copolymers [32].  In contrast to copolymers, where the constituents are 
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linked by strong covalent bonds, the components in physical blends adhere through 
weaker secondary intermolecular forces such as van der Waals forces, dipole interaction 
or hydrogen bonding.  
 Generally, polymer blends exhibit properties that can markedly vary from those of 
the individual polymers [33], which is why they are used commercially to combine the 
unique characteristics of several materials into one product. For example, brittle 
polymers can be strengthened by incorporating into their microstructure soft elastomeric 
components that can act as “stress concentrators”, due to their lower tensile modulus.  
The embedded stress concentrators in the more brittle continuous phase permit elastic 
energy storage or ductile yield mechanisms that increase its resistance to fracture [29].  
Therefore, polymer blends can be a cost effective way of modifying properties of 
materials, as contrasted against chemical modification routes; hence, a major thrust of 
polymer development efforts has been focused on blends. 
The resultant properties of a blend depend heavily on the physico-mechanical 
properties of the components, as seen on the Fox equation for miscible blends (equation 
2.2); as well as the blend microstructure, the interface between the phases, and the 








= ∑  (2.2) 
 
Where Tg, Tgi are the glass transition temperatures of the blend and polymer i 
respectively, and ωI is the mass fraction of polymer i. 
 Polymer blends can be either miscible or immiscible [32]. The miscible blends 
are divided into homologous blends (blends of the same polymer, such as a mixture of 
polystyrene fractions of different molecular weight) and heterogeneous blends, i.e., 
polyphenylene ether (PPE) with polystyrene (PS). Within the immiscible blends there is a 
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subgroup of compatible polymers which due to small interfacial tension, are 
morphologically stable, i.e., finely dispersed mixtures of polyolefins [35]. Immiscible 
blends can display different phase-separated morphologies, including co-continuous, 
semi-continuous, (see section 2.3.1), or droplet morphologies where isolated droplets of 
one of the components are present in a continuous matrix of the other component. The 
rich variety of phase-separated morphologies, which is dependent on both composition 
and temperature, adds a great deal of complexity to their investigation.  For example, a 
simple binary blend has an exhaustive number of temperature, composition, and 
processing time-dependent morphologies that each has unique bulk and surface 
properties. 
 
2.2.9. COMBINATORIAL METHODS AND HIGH THROUGHPUT SCREENING 
TECHNIQUES 
 
Combinatorial methods and high throughput screening techniques can be seen 
as experimental methodologies that offer the ability to efficiently evaluate large numbers 
of variables in a single experiment. These methods have been used successfully for 
several years in the pharmaceutical industry, changing literally the way new drugs are 
discovered. Nowadays, they are embraced by almost every pharmaceutical company. 
However, pharmaceuticals is not the only area where combinatorial approaches have 
had a major impact. Other applications where combinatorial techniques have had a 
major impact are biodegradable materials characterization [8], genomics [36], liquid 
chromatography [37], optimization of new catalysts [38-41], and development of new 
optical and magnetic materials [42] have been also benefited by their use. Today these 
methods are receiving increasing attention in every area where rapid and reliable 
generation of experimental data as a function of multiple variables is needed. 
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 The immense advantage of combinatorial methods resides in that they allow 
simultaneous synthesis and evaluation of “libraries” that encompass large variable 
spaces (i.e., chemical and physical properties of polymer blends), overcoming the 
enormous limitations of evaluating one variable at a time that is characteristic of 
traditional experimental approaches. This can lead to accelerated discovery of new 
materials, properties, or synthetic routes with low experimental variance. 
Despite relying on the same general idea, combinatorial methods can differ 
considerably from application to application. In pharmaceuticals, for example, where the 
goal is to synthesize a new drug or improve an existing one, carefully selected discrete 
libraries are used to explore relevant compositions. On the other hand, polymers are 
sometimes better explored by continuous libraries since they are easily prepared over 
large ranges of compositions, temperatures, or thicknesses under the same 
environmental conditions, i.e., humidity. In a discrete library approach, each sample on 
the library would have to be cautiously controlled resulting in a dependence on complex 
robotics for mixing and annealing [43]. However commercial instruments to prepare 
polymeric continuous libraries that reproduce conditions such as phase transitions, 
reactions, transport properties and interfacial phenomena are not available.     
 Novel procedures like the gradient-film coating technique [44] have been 
developed recently to allow preparation of continuous polymer libraries. The gradient-
film coating technique permits preparation of libraries with thickness and composition 
continuous gradients. 
 
2.2.10. COMPOSITION-GRADIENT LIBRARIES 
 
The preparation of composition-gradient libraries, as discussed in the literature [44, 
45], involves three steps (figure 2.7):  
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• Gradient mixing 
• Deposition 
• Film spreading 
 
During the gradient mixing step (figure 2.7a), a solution of polymer A is gradually 
infused inside a vial containing a solution of polymer B, generating a time dependant 
concentration gradient. An automated sampling system continuously extracts a very 
small amount of this concentration-changing solution, so at the end of the process a 
sample with a composition gradient of both polymers is obtained. 
 In the deposition step (figure 2.7b) the gradient sample is “painted” as a thin 
stripe along a substrate. Then it is spread as a film using a knife-edge coater that moves 
the substrate, with the gradient stripe below a stationary blade, in a direction 
perpendicular to the stripe painting direction (figure 2.7c) at a constant velocity. The 
solvent evaporates after a few seconds, leaving behind a thin film with a continuous 
composition gradient (A-rich in one end and B-rich in the opposite end). 
 
Figure 2.7. Representation of the preparation of composition-gradient libraries using 





2.2.11. THICKNESS GRADIENT LIBRARIES 
 
The steps involved in the making of thickness-gradient libraries are the same as 
the second and third steps of the process to make composition-gradient libraries, 
previously described. The main differences are that the stripe that is painted on the 
substrate has a homogeneous composition and that the coating is not done at constant 
speed (acceleration ≠ 0).  
 The change in velocity during the coating step is the key to obtain differences in 
thickness along the film. An increase in velocity leads to an increase in the volume of 
fluid that passes below the blade per unit time (figure 2.8). This results in increasing film 
thickness with increasing coating speed. 
Composition-gradient libraries can be coupled with thickness-gradient ones by 
simply carrying out the spreading step of the composition-gradient library preparation 






Figure 2.8. Representation of the method to prepare thickness-gradient libraries [45, 
46]. The substrate is moved with a particular acceleration rate to create a 
gradient in film thickness.  
 
 
2.2.12. TEMPERATURE-GRADIENT LIBRARIES 
 
The effect of different process temperatures on polymer properties can be 
investigated creating libraries with continuous temperature gradients. To achieve this 
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samples are placed along a temperature-gradient stage [46]. The temperature 
distribution over the stage is a function of its geometry and the location of the heat 
source and heat sink elements. For example, a rectangular stage with a heat source in 
one of its ends and a heat sink (coolant circulation) in the opposite one will generate a 
linear temperature gradient, if heat loss from the stage edges is neglected.  
Temperature gradients can be coupled with composition or thickness gradients, 
increasing several orders of magnitude the amount of dissimilar process conditions that 
can be simultaneously studied in one library. 
 
 
2.3. THEORETICAL BASIS (POLYMER BLENDS) 
 
2.3.1. THERMODYNAMICS AND PHASE BEHAVIOR OF POLYMER BLENDS 
 
Thermodynamics of polymer blends is based on the classical theories of polymer 
solutions developed by Flory, Huggins, Prigogine, Patterson, Sanchez and others as 
well as on the theories of phase equilibrium and phase separation in solids developed by 
Cahn, Prigogine and other authors [47, 48].   
 In general, studies of “biomedical” polymer blends have focused on specific 
physical and chemical properties, overlooking the more fundamental thermodynamics of 
polymer mixing. This is particularly true considering the temperature-dependence of the 
phase behavior, which is often overlooked in biomedical studies. However, the 
thermodynamic behavior of polymer blends determines critical equilibrium properties 
such as compatibility of the components, morphological features, rheological behavior, 
microphase structure, surface microstructure, and mechanical characteristics of blends 
[47]. 
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 The phase behavior of a polymer blend evolves according to the equilibrium 
conditions (long-term lowest energy state) and the stability of the initial mixture.  When 
thermodynamics dictates that a single (miscible) phase is the equilibrium, the single-
phase system is stable. Any initial inhomogeneity introduced during processing will 
eventually disappear as the components mix. On the other hand, an initially 
homogeneous mixture of two immiscible polymers will ultimately approach a phase-
separated morphology (inhomogeneous). The equilibrium state and the mechanism of 
approach to that state are determined by stability considerations according to the 
following three possibilities: 
 
• The initial mixture is stable in the relation to all other possible phases, and no 
phase-separation occurs. The free energy of the initial mixture is at a 
minimum. 
 
• The initial mixture is metastable, in which a lower free energy can be achieved 
by rearrangement of phases. The phase-separation requires energy input (a 
nucleation event) to be initiated. 
 
• The initial mixture is unstable in relation to all possible other phase 
arrangements. An infinitesimally small fluctuation in composition or 
temperature will lead to spontaneous phase-separation. 
 
When metastable phases are present, the system may stay in the equilibrium state 
for an indefinitely long time without the appearance of a new phase. If the nuclei of a 
new, more stable, phase are introduced into the system, the transition to the stable 
equilibrium state occurs. Of course, all of the phase-transformations (mixing or 
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separation) are limited by the dynamics of molecular rearrangement of the polymer 
molecules. Due to their large size and entanglement, polymers can show dramatically 













where g is the molar Gibbs free energy and xi is the molar fraction of component i in the 
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Where iµ  is the chemical potential of component i in the blend. 
 The transition from a one-phase to a two-phase state is presented in figures 2.9 
and 2.10. The boundary between metastability and instability is determined at the point 
at which 1 2 0xµ∂ ∂ = . The condition for stability (equations 2.5 and 2.6) for 














This inequality (equation 2.7) has geometric meaning. The function g vs. x2 at 
constant T and P should be turned down by the convexity for stable systems (Figure 2.9, 
curve 1). If the curve has the shape 2 or 3 and between some values of x2 there is a part 
with the convexity turned up, in this region (AB) the system cannot be in the state of 























The molar fractions x'2 and x"2 in these two equilibrium phases can be calculated 
in the following way: According to Gibbs-Duhem 1 1 2 2g x xµ µ= + . Differentiation of g by 
x2 gives ( )2 2,P Tg x 1µ µ∂ ∂ = −  or ( )2 1 1 ,P Tg x g xµ = − ∂ ∂ . The condition of a true 
equilibrium in relation to the distribution of the component 2 between two phases 
is 2' 2"µ µ= , or: 
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Figure 2..10.  Temperature vs. Composition diagram showing binodal and spinodal regions 
determined by different stable, metastable and unstable states. One-phase 
region = outside binodal region. two-phase region = inside binodal region [47].  
 
 
Geometrically equations 2.11 and 2.12 mean that values x2 corresponding to two 
phases in the state of equilibrium, i.e., x'2 and x"2, have such magnitudes that functions g' 
and g" have the common tangent MN (Figure 2.9). The segments MA and NB meet 
the state of the metastable equilibrium and are inclined to the transformation into a two-
phase system. In the interval between two inflection points the condition 2 0g x∂ ∂  is <
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valid. Therefore any solution, having had the fluctuation of concentration in these 
composition intervals, may spontaneously decompose at the current point K and L (figure 
2.9). Such decomposition will be enhanced until the initial solution is separated into two 
solutions with compositions corresponding to the point M and N (figure 2.9).  
In figure 2.10, which shows the different points of figure 2.9 in a temperature-
composition diagram, the curve 4, called binodal, is the geometric place of points M and M', 
N and N', etc. for the curves g = f(x2) corresponding to various temperatures. Binodal 
separates the regions of the stable and metastable states of the system. Each point of 
binodal meets the condition 2 22 0g x∂ ∂ > and 2' 2"µ µ= . Curve 5 (figure 2.10), called 
spinodal, represents the geometric place of points A and A', B, and B', etc. Spinodal 
separates the regions of metastable and unstable states. At each point of spinodal  
2 2
2 0g x∂ ∂ = ; and at the critical point 1 2 0xµ∂ ∂ =  and 
2 2
1 2 0xµ∂ ∂ = . Therefore, in 















2.3.2. PHASE SEPARATION, UCST AND LCST 
 
It has been shown that a polymer blend can form either one phase or multiple 
phases depending on its stability, which is as well related to the composition of the blend 
and temperature-pressure conditions. But how do we practically determine the stability 
and equilibrium phases? According to the general principles of thermodynamics, the 
formation of a thermodynamically stable system is characterized by a decrease in Gibbs 
free energy, : G∆
 G H T∆ = ∆ − ∆  (2.13) 
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The necessary but not sufficient condition for the system stability is that 0G∆ < , 
which can be attained if  and 0H∆ < 0T S∆ > , or if 0H∆ <  and T S H∆ > ∆ . However, 
experimental determination of G∆  for polymer blends is particularly difficult, since 
traditional methods such as those used in polymer-solvent systems are not applicable to 
polymer mixtures. Initially it was suggested that during mixing of two polymers having a 
high molecular mass, the change in enthalpy is responsible for mixing, and that 
contribution of entropy of mixing to G∆  should be extremely small. For this case, the 
system was considered miscible (compatible) if 0H∆ < , following the rule for miscibility 
of a polymer solution in low-molecular mass liquids (regular solution), and immiscible 
(incompatible) if . However, it has been shown that for polymer blends this 
condition is not true and that contribution of entropy cannot be neglected. Multiple works 
[49-51] have evaluated the entropy of mixing of two polymers and shown that it is not 
always close to zero ( ) as proposed before, but it can also diminish (
0H∆ >
0S∆ → 0S∆ < ), 
which is characteristic of miscible polymers [49], or increase ( 0S∆ > ) (figure 2.11). 
Is necessary to note that the consideration that thermodynamic compatibility or 
incompatibility of the components, which is the main characteristic of polymer blends, is 
governed by the phase diagram of the system; is in principle incorrect. The reason is 
that compatibility depends on many other factors besides temperature and composition. 
In general there are almost no fully incompatible or compatible pairs of polymers, but 
various conditions exist at which a polymer pair can be miscible or immiscible. The 
degree of miscibility is dictated by the chemical constitution of mixed components, and 
may be very broad, or, on the contrary, very narrow. 
The term "compatibility" is widely used in literature. However, it is also used to 
describe good adhesion between the constituents, average of mechanical properties and 
other characteristics of blends. It is then more accurate to describe the thermodynamic 
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behavior of polymer mixtures by using the term "miscibility". Miscibility is used to 
describe polymer-polymer blends with similar behavior to that of a single phase system. 
However, it does not imply ideal molecular mixing but, suggests that the level of 
molecular mixing is adequate to yield similar macroscopic properties as those expected 
















Figure 2.11. Entropy of mixing as a function of composition (cellulose acetate–
cellulose nitrate mixture) [49]. 
 
 
The first attempt to thermodynamically describe polymer blends was made by 
Flory [50] and Huggins [52] based on approximations to the regular solution theory, 
conserving important considerations of this theory such as mixtures of perfectly spherical 
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molecules of equal size, and assuming that no volume change takes place during 
mixing; proposed the following equation for the Gibbs free energy of mixing (Flory-
Huggins equation): 





Bϕ ϕ χ ϕ ϕ
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Where Vs is the volume of segment taken equal to the volume of repeating unit of the 
polymer chain (the same for both polymers), rA and rB are the numbers of segments of 
polymer A and B, ri = Vi/VS (Vi is the molar volume of component i), ϕA and ϕB are 
volume fractions of components, ABχ  is a thermodynamic interaction parameter, called 
the Flory-Huggins interaction parameter, related to the interaction between different 
segments of volume VS. 
 Initially ABχ  was related only with the heat or energy change on mixing H∆  (pure 
enthalpic contribution), proportional to the change in interaction energy ω∆ , defined as 
the energy involved in the formation in the mixture of new contacts of the type A-B that 
replace some of the initial A-A and B-B contacts of the pure components, where the A 
and B units occupy the cells of a “regular lattice” with coordination number z (figure 
2.12). This interaction was assumed to be effective only between nearest neighbors only 
(figure 2.13), and can be described by the following quasi-chemical process:  
 
 1 2( ) 1 2( ) ( )A A B B A B− + − → −  (2.15) 
 
ω∆  can be defined in terms of the contact energies ijε  required to break the links 
showed in equation 2.16: 
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ωχ ∆=  (2.17) 
 
















Figure 2.12.  Lattice model of a polymer mixture. Structure units of equal size [53]. 
 
 
ABχ represents an antipathy between the molecules of different type since it is 
the ratio of the positive interchange energy, acting against mixing, to the thermal energy 
favoring mixing [54]. 
A different approximation for ABχ , referred as the Scott’s approach, is based on 
the cohesive energy density of the blend components ( ), where multiple molecule-
molecule interactions are considered (figure 2.14) instead of just pair interactions. The 





A AA B BB
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n z n zC C
V V
ε ε
= =  (2.18) 
 
Where ni is the number of molecules of component i. 
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The cohesive energy of the mixture is approximated to a geometric mean of the 
cohesive energies of the pure components: 
 AB AA BC C C= B  (2.19) 
 
And the change in energy due to mixing is given by: 
 ( )2( 2 )AA BB AB AA BBE C C C C C∆ ≈ + − = −  (2.20) 
iiC is defined as the solubility parameter of component i iδ . Therefore: 













Figure 2.13. Formation of new contacts of the type A-B after mixing pure components 









Figure 2.14. Multiple molecule-molecule interaction representation (mixture AB, pure 
component B and pure component A). Cohesive energy density model. 
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It’s worth noting that the Scott’s approach expression predicts that a polymer pair 
is miscible only when their solubility parameters are almost equal.  
 Scott’s approach (equation 2.22) shows that the interaction factor ABχ  is always 
positive and decreases monotonically as temperature increases ( ( )1AB f Tχ = ). This 
means that the third term on the right hand side of the Flory equation (equation 2.15) is 
positive. The other two terms constitute the negative combinatorial entropy of mixing 
( ), also referred as “translational entropy” which for polymer mixing is very small 
and vanishes in the limit of infinite molecular weight ( ). Hence: 
S−∆


















































Consequently  at low temperatures, meaning that the system is unstable 
and segregates into two separate phases. As temperature rise the positive term 
involving the interaction factor starts to become less and less significant until 
0G∆ >
0G∆ < , 
and the phases become miscible. This is called the Upper Critical Solution Temperature 
behavior or UCST (figure 2.15), where the upper critical solution temperature is the 
maximum temperature of the boundary between the one-phase and the two-phase 
regions. Binodal and spinodal curves meet at the UCST.     
 Experimental work showed mismatches in the value of ABχ  determined from 
independent measurements of G∆  and H∆ , leading to a modification of the theory and 
a reinterpretation of ω∆  as an interchange free energy with an enthalpic contribution 
Hω∆  (as seen on equation 2.18) plus an entropic one Sω∆  [54, 55]. Therefore: 
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 G H T Sω ω ω ω∆ → ∆ = ∆ − ∆  (2.22) 




χ χ χ χ χ
∆∆
= + = = −  (2.23) 
 
The entropy Sω∆  was found to be positive, corresponding to idea of an increase 
in entropy due to the forming of new contacts A-B, and thus Sχ  was a negative 
correction [54]. This allowed the interaction parameter to be negative as well [53]. The 
new model of the interaction factor, in the form AB a T bχ = + , shows the same 
monotonically decreasing behavior as temperature increases as the initial model 
(equation 2.18). UCST behavior is still described by this model. 
 Further work on polymer solutions and blends [51] showed that the “small 
negative correction” Sχ  can also be positive and a lot larger than Hχ , which means an 
inexplicable, large increase of order on forming A-B contacts (the positive sign on Sχ  
corresponds to a negative sign in Sω∆ ). Additional experimental data [56] showed 
evidence that certain solutions present a critical solution temperature at high 
temperatures, above which phase separation into two phases takes place. This behavior 
cannot be explained by the initial theory, and suggested that the entropic contribution of 
the interaction parameter could be positive —as seen before experimentally—, and 
could outweigh by a large margin the combinatorial entropy ( ). The new critical 
temperature is called Lower Critical Solution Temperature or LCST since it lies at the 
bottom of a two-phase region (figure 2.16). 
S∆
The presence of LCST and a positive entropic contribution of the interaction 
factor can be explained by the effect of the dissimilarity in free volume between the pure 
polymers and the blend (not taken into account in the initial theory). It is observed 
generally that a homogeneous mixing of two polymer results in a volume shrinkage. This 
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decrease in the “free volume” available for local motions of the monomers, called 
“densification”, leads to a reduction of lattice sites which as well reduces the translational 























Figure 2.15. Schematic diagram for a polymer blend that exhibits upper critical solution 
temperature behavior (UCST) [48]. 
 
 
Figure 2.17. Shows the different behaviors of ABχ  depending on the effect of 
energy and volume dissimilarities. Curve 1 shows an enthalpic dominant effect over the 
entropic contribution ( H Sχ χ>> ), especially at low temperatures. In curve 2, mainly at 
high temperatures, the entropic effect due to the volume dissimilarity (free volume effect) 


















Figure 2.16. Schematic diagram for a polymer blend that exhibits lower critical solution 
temperature behavior (LCST) [48]. 
 
 
Curve 1 is typical for blends that present UCST behavior, since high positive 
values of ABχ  that outweigh the combinatorial entropy, inducing phase separation, exist 
at low temperatures. On the other hand, the interaction factor of blends that show LCST 
behavior follows curve 2, since high values of ABχ  occur at high temperatures. Therefore 
UCST is driven by unfavorable energetic effects (high energy dissimilarity), and LCST is 
entropically driven (unfavorable or high volume dissimilarity which leads to densification). 
The value of ABχ  at which a two-phase region starts is called the critical interaction 
factor Cχ . 
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Curve 3 in figure 2.17 is characteristic of systems that show both LCST and 
UCST behavior, where attractive interactions dominate at low temperatures and entropic 






















Figure 2.17. Temperature dependence of the interaction parameter: curve (1), 
contribution due to contact energy dissimilarity; curve (2), contribution due 
to free volume dissimilarity; curve (3), Sχ  for mixtures with UCST and 
LCST [47, 54]. Dashed line corresponds to Cχ . 
 
 
Phase separation can occur by two different mechanisms, namely, spinodal 
decomposition, and nucleation and grow. The mechanism followed depends on the 
location of the binary mixture in the two-phase diagram. Therefore if the temperature 
jump that brings the mixture inside the two-phase region falls in between the binodal and 
spinodal curves (equivalent to any point in between points M and A or N and B in figure 
2.9) nucleation and growth will take place, if on the contrary it falls inside the spinodal 
region (region in between points A and B figure 2.9), then spinodal decomposition will 
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occur. However, the final structure is always the same independent of the mechanism by 











Figure 2.18. Mechanisms of phase separation: Nucleation and growth (top) and 
spinodal decomposition (bottom) [53].  
 
 
In summary, due to the fact that the translational entropy is usually extremely 
small (vanishing in the limits of high molecular weights), positive values of the interaction 
parameter almost always lead to incompatibility. If the interaction parameter is negative, 
then mixing takes place.  
 Additional models based on the Flory-Huggins theory that present different 
approximations to the thermodynamic parameter of interaction, and equation-of-state 
models to describe the phase behavior of polymer blends, like the Sanchez-Lacombe, 
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PREPARATION AND CHARACTERIZATION OF PCL/PDLA POLYMER BLEND THIN 
FILM LIBRARIES 
 
3.1. INTRODUCTION  
 
In general it is not easy to find a polymer that meets all the desired 
characteristics for a particular application. For example polymers with ideal 
biodegradability and biocompatibility properties can have unfavorable mechanical 
properties, and vice versa. A way to address this problem in an effective manner and 
tune the material properties to satisfy the application requirements is to blend two or 
more polymers. 
  The mechanical response of polymers can be defined as a competition between 
plastic and elastic deformation [1]; therefore, blending can be a useful way to obtain 
materials with specific properties since the resultant properties of the blend can vary 
drastically in comparison to those of its constituents [2, 3].  For example, brittle polymers 
with high tensile modulus can be “strengthened” by blending them with more elastomeric 
(rubbery) ones. The result is a material with higher percentage of elongation at break, 
translated into enhanced resistance to fracture when compared to the brittle component, 
and with a higher tensile modulus (stiffer) when compared to the more elastomeric one. 
It can be readily seen then that mechanical properties can be tailored from soft 
elastomerics to rigid engineering plastics by blending different polymers. 
In the same way blending can affect in a noticeably way several other 
characteristics such as hydrophobicity/hydrophilicity, degradation rate, solubility, and 
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surface structure and roughness, among many others; making it a valuable tool to adjust 
polymer behavior for specific purposes.   
 Biological tissues are often flexible and elastic, ranging from skin and muscle to 
bone and tendon; and biomaterials must be able to operate in a specific application by 
interacting with these biological systems. Therefore engineered biomaterials must have 
physicomechanical properties closely matching those of the biological structure they are 
intended to replace or interact with. In tissue engineering, for example, the main purpose 
is to create scaffolds, generally of polymeric materials, that provide a suitable 
environment for reconstruction of functional tissue [4]. Degradable polymers like 
polydioxanone, polyanhydrides and polyesters have been considered for such purposes 
[5], the latter being the most common used ones, specifically the derivatives of lactic and 
glycolic acids. These are among the few degradable polymers that have extensive 
regulatory approval by the FDA [6-9], and have been widely explored as three 
dimensional polymer scaffolds for cell transplantation [10].  
 Pure lactides and glycolides have high glass transition temperatures (above 
room temperature) and high tensile modulus (table 2.3, chapter 2) [7, 11, 12], being 
therefore hard and brittle and not suitable for many tissue engineering applications. A 
common approach to address this issue is to blend these materials with a lower modulus 
material to make them tougher and more flexible. As mentioned before, the lower 
modulus material can relieve stress from the higher modulus one when put under load or 
tension via plastic or elastic deformation. Poly(ε-caprolactone), also an FDA-approved 
polymer, has a low glass transition temperature, a modulus an order of magnitude lower 
than lactides and glycolides, and much higher elongation at break (table 2.3, chapter 2). 
This makes PCL a reasonable candidate for toughening lactide and glycolide-based 
polymers. 
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 Mechanical testing of PCL/PDLA blends has been done by Broz and coworkers 
[12], showing that the mechanical properties of the blend can be tuned through the blend 
composition. The average modulus, tensile strength and strain-at-failure can be varied 
continuously by almost an order of magnitude. The results of these tests are in 
accordance to the expected behavior of a blend of high and low tensile modulus 
polymers. The strain-at-failure decreases monotonically from a PDLA mass fraction of 0 
to 0.5, consistent with diluting the PCL matrix with PDLA inclusions; and reaches an 
almost constant value above a PDLA mass fraction of 0.5, consistent with the glassy 










Figure 3.1. a) Strain-at-failure of PCL-PDLA blends as a function of composition. b) 
Yield stress as a function of blend composition for a PCL/PDLA polymeric 
blend [12]. 
 
Conversely, the yield stress has a near-constant value at concentrations of PDLA 
up to 0.4, suggesting toughening at the PCL/PDLA interface. Above that concentration 
the tensile stress increases in a monotonic way suggesting that PCL blending in this 













Figure 3.2.  Plot of Young’s modulus as a function of PCL/PDLA blend composition 
(solid line). Kerner-Uemura-Takayanagi model: assuming perfect 
adhesion (dotted line) and zero adhesion (dashed line) [12]. 
 
 
Blending of PCL with PDLA in fact shows improvements in mechanical properties 
from the tissue engineering point of view, namely, increasing in the strain-at-failure and 
decreasing in tensile strength. However phase behavior of PCL/PDLA blends is 
complicated and critically related with their mechanical properties. For example, Young’s 
modulus plotted as a function of composition (figure 3.2) for PCL/PDLA blends is 
compared to predictions of the two variations of the Kerner-Uemura-Takayanagi model: 
one that assumes zero adhesion at the blend interface (dashed line figure 3.2), and one 
that assumes perfect adhesion (dotted line figure 3.2). The actual modulus (solid line 
figure 3.2) goes from fitting the perfect adhesion model in the range of 0 to 0.3 mass 
fraction of PDLA, to fit the zero adhesion model at PDLA mass fractions above 0.6; 
showing the effect of microphase structures. 
The work by Broz et al [12] shows the potential of using PCL to mechanically 
enhance brittle lactides and glycolides. However, further development requires detailed 
knowledge of phase behavior of the blend, namely, the correlation of phase boundaries 
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(LCST and/or UCST) and their microstructure with process variables such as 
temperature and composition. 
 Meredith and Amis [7], reported the existence of a low critical solution 
temperature (LCST) phase transition for PCL/PDLA blends. Laser light scattering was 
used to measure the cloud points while scanning over different ranges of temperatures 
and compositions. The LCST cloud point curve, with critical point at 86°C and mass 






Figure 3.3.  LCST cloud point curve for the PCL/PDLA system. One-phase region 
below LCST boundary (parabola-like curve). Two-phase region above 
LCST boundary [7].  
 
 
Different surface morphologies dependent on both composition and temperature 
are reported throughout the two-phase region (figure 3.3). The control of these surface 
microstructures may lead to a successful manipulation of physicomechanical and 
interfacial properties of biomaterials based on PCL/PDLA blends. However, this 
approach is not without limitations, detailed characterization of surface microstructure, 
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i.e., roughness, microdomain dispersion, and interfacial adhesion at the microphase 
boundaries, as a function of temperature and composition has to be performed. The 
variable space involved in such characterization becomes a major blockade since it 
easily overpowers traditional experimental methods that rely on one-sample/one-
measurement procedures. Novel combinatorial libraries [13, 14] with orthogonal 
composition and temperature gradients will be used to tackle this problem, covering 




3.2. EXPERIMENTAL METHODS  
 
3.2.1. COMPOSITION-GRADIENT LIBRARY PREPARATION 
 
Thin film PCL/PDLA libraries with linear composition gradients were prepared 
following the gradient-film coating technique outlined in section 2.2.9.1.  
For the mixing step, the infusion rate of PCL (IPCL) was chosen to be half of the 
sum of the withdrawal (W) and sampling (S) rates, ( )PCLI W S / 2= + , as required by the 
transient mass balance [13] (equation 3.1) to obtain a linear PCL/PDLA gradient:   
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Where XPCL and XPDLA are the mass fractions of PCL and PDLA respectively. M0 is the 
initial polymer solution volume inside the vial with mass fraction XPDLA,0. 
This gradient, however, takes account of the mass fraction of solvent that will 
evaporate after casting the film. The final mass fraction (or relative mass fraction) of 
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Where φPCL and φPDLA are the relative mass fractions of PCL and PDLA respectively. 
Equation 3.4 requires the initial mass fractions of PCL and PDLA to be identical in order 













Once the requirements for linear-composition-gradient libraries were defined, 
PDLA (Alkermes Medisorb 100DL high I.V. LACTIDE/GLYCOLIDE polymer, 
Mw=127000, Mw/Mn=1.56, lot No. 0103-442) and PCL (Aldrich Chemical Co., Mn=80000, 
Mw/Mn=1.425, lot No. 07526HI) were dissolved in chloroform (EM science, Merck KGaA 
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ACS grade), obtaining solutions with identical mass fraction X0=0.05. The chloroform 
was previously “dried” by means of a molecular sieve (Type 3A, 8-12 mesh) and filtered 



















For the library preparation a 1.8ml glass vial was initially loaded with M0=1ml of 
the 5% PDLA solution. As mixing began (t=0) the 5% PCL solution started being infused 
by an automated pump (kd scientific 210) at I=0.791 ml/min while, concurrently, another 
automated pump extracted solution from the vial at W=1.5 ml/min. A sample of VS=84 µl 
was withdrawn with a small automated 1 ml syringe at a rate S=0.081 ml/min (total 
sampling time was tS=62 s). A blunt point style needle gauge 18 (0.84 mm ID) and 6” 
long was used to prevent the sample going into the syringe avoiding mixing due to the 
change of diameter. Vigorous stirring inside the vial took place throughout the process 
ensuring homogeneous mixing. At the end of the mixing step a solution of PCL and 
PDLA remained inside the syringe needle with a linear composition gradient, iX∇ , 
ranging from a PDLA-rich solution at the top (XPCL=0, XPDLA=0.05) to a PCL-rich solution 
at the bottom (XPCL≈0.04, XPDLA≈0.01) (figure 3.4).  
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Next, as soon as the mixing step was done, the gradient solution inside the 
needle was pumped out a rate of 5.6 µl/s, depositing a thin stripe along a 24 mm x 24 








Figure 3.5. Illustration of the polymer-gradient deposition procedure [14].  
 
 
The substrate with the composition-gradient stripe was swiftly placed below a 
stationary stainless steel blade previously positioned at an angle of 12° with respect of 
the substrate surface and 300 µm above it. A cross roller bearing table (Parker Daeldal) 
driven by a computer-controlled servomotor (Parker Compumotor) was used to move the 
substrate underneath the edge of the blade, at a velocity of 10.16 mm/s, in a direction 
orthogonal to the stripe painting direction (figure 3.6). As the substrate moved, the stripe 
was spread as a thin film of thickness 2 to 5 µm (after solvent dried).  
An estimated linear PCL/PDLA gradient exists across the film, extending from a 
pure PDLA edge (φPDLA=1) to a PCL rich edge of φPCL≈0.82 and φPDLA≈0.18 [15] (any 
solvent residue was eliminated during the annealing process). Figure 3.7 illustrates the 













Figure 3.6. Representation of the film coating step [14]. 
 
 
The 24 mm x 24 mm silicon <100> squares (or “chips”) utilized as substrate were 
thoroughly cleaned, prior to the deposition step, in “piranha” solution (70% H2SO4/9% 
H2O2/21% H2O) for 2 hours at 90 °C to allow complete wetting of the substrate surface. 
Following, the chips were etched in 6:1 Buffer Oxide Etch (HF/NHF4, J.T. Baker) to 
generate a hydrophobic Si-H/Si surface that will aid in maintaining polymer adhesion to 
the chips for the duration of the cell culture experiments (section 4).  After etched, the 
silicon chips were rinsed in DI water and blown with nitrogen. 
To ascertain the appropriate etching time needed to avoid delaminating of the 
films from the silicon substrate, several chips with etching times of 1min to 8min were 
coated with polymer films, and submerged in aqueous solutions at 37 °C for at least 14 
days to simulate cell culture conditions. After that, the chips were exposed to a series of 
different solutions that will be used during the bio assays, i.e. HCl 2N and surfactants 
like tritonX or TRIS. Etching times of 5min or more turned out to be enough to maintain 













Figure 3.7. Relative mass fraction profiles of PCL and PDLA over the composition 











Figure 3.8. Static contact angles for a) piranha cleaned <100> silicon (24.38°±0.45°) 
and b) piranha cleaned + buffer oxide etched <100> silicon 
(69.24°±0.97°). Angles were measured using ImageJ image analysis 
software (NIH, public domain). 
 
 
Static contact angle measurements to quantify the effect of the BOE etching 
process were performed with a goniometer (Rame-Hart 1000), obtaining 24.38°±0.45° 
for the piranha cleaned silicon and 69.24°±0.97° for the 5min piranha cleaned + BOE 
etched silicon (figure 3.8). 
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A photograph of an actual finished PCL/PDLA gradient library over a 












Figure 3.9. PCL/PDLA composition gradient library. Left side (hazy region): 
crystalline PCL rich regime. Right side (clear region): amorphous glassy 




3.2.2. TEMPERATURE GRADIENT LIBRARIES (ANNEALING) 
 
As formerly stated, PCL/PDLA blends exhibit lower critical solution temperature 
(LCST) phase behavior [7]. As a result of this attribute thousands of dissimilar 
temperature-composition dependant interfacial properties can be found when inside the 
phase separated LCST boundary. 
In order to explore a wide range of temperatures a temperature-gradient heating 
stage can be used to anneal and generate libraries with temperature distributions. 
Furthermore, composition gradients and temperature gradients can be overlapped to 




























Composition-gradient libraries were annealed for 2 hours over a custom 
rectangular aluminum heating stage with a linear temperature distribution [16] (assuming 
negligible heat loss along the edges). The adjustable temperature gradient was 
generated by a PID controlled heating element (chromalox CIR-1020 120V 150W) and a 
heat sink (water circulation from a controlled temperature water bath), placed at the 
end-points of the stage (figure 3.10). 
The samples were carefully placed over the stage in a way that the composition 
gradient was orthogonal to the temperature gradient. The lower and upper temperatures 
of the stage were set to 140 °C and 58 °C respectively, creating a linear gradient of 
approximately 1.81 °C/mm along the stage. To minimize convective heat transfer and 
oxidation a small vacuum chamber was created on top of the heat stage with a viton® 
o-ring and a glass plate. Air was evacuated from the chamber though a small orifice at 
the bottom stage connected to a vacuum pump.  
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Once the annealing process was terminated the libraries were rapidly quenched 
to room temperature. The finished libraries have orthogonal composition and 
temperature gradients (figure 3.11) ranging from 0.18 < φPDLA < 1 and 76.3 °C < T < 120 
°C respectively. 



















Figure 3.11. Illustration of a finished combinatorial library with coupled temperature 
and composition orthogonal gradients. The white line represents the 
LCST regime boundary, where phase separation takes place. 
 
 
Numerous surface temperature measurements were made over the stage to 
validate the linear assumption in the temperature gradient. As anticipated, the 
temperature profile showed a linear fashion with variations extending from ±0.2 to ±0.8 
°C for points placed along constant temperature lines (figure 3.12). The temperatures 
along the edges were in average 0.3 °C less than the temperature “inside” the stage, 
corroborating the edges small heat loss assumption. 
It’s important to note that the temperature measurements were done without 
vacuum. Consequently, the expected temperature profile inside the vacuum chamber, 
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Figure 3.12. Heating stage surface temperature measurements. a) Temperature as a 
function of position (values are presented as mean ± SEM, n=9. Error 
bars are delimited with inverted cone markers). b) Temperature contour 
map showing “constant temperature lines” (constant Y). 
 
 
3.2.3. CHARACTERIZATION OF TEMPERATURE/COMPOSITION LIBRARIES 
 
As we know, the diverse surface morphology and microstructure created by the 
phase separation of the PCL/PDLA leads to a whole new set of physicomechanical 
properties that need to be characterized. However, for the purpose of this work we 
needed to focus only on the characterization of the different topographies along the 
library surface. Characterization of mechanical properties, for example modulus and 
strain-at-failure, are beyond the scope of this study and can be found elsewhere in the 




The thickness of the combinatorial libraries was determined from measurements 
done with a wide spectral range V-VASE® variable angle spectroscopic ellipsometer 
(J.A. Woollam Co.) Relative phase, ∆, and amplitude, Ψ, changes on incident polarized 
light, induced by the reflection from the library thin film, were directly measured with the 
ellipsometer across a wavelength range of 200<λ<1700 nm. Optical constants and film 
thickness were obtained using the software package WVASE32 (J.A. Woollam Co.), 
executing a point-to-point data fitting on the transparent Cauchy region (700<λ<1100 
nm). The wavelength range corresponding to the Cauchy region (extinction coefficient 
k=0) for PCL/PDLA blends was previously established using an UV/visible 
spectrophotometer (Hewlett Packard). The fitting procedure was done using the 
refractive index of pure PCL and PDLA as “best guesses”, since neither the optical 
properties nor the thickness of the PCL/PDLA blend were known. Several iterations were 
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done to confirm that the minimum “best fit” determined by the Marquardt-Levenberg 
algorithm (used in WVASE32) was the sought value instead of a local minimum.   
 
3.2.3.2. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 
 
FTIR absorption spectra of the PCL/PDLA blends were registered with a Bruker 
IRscope II using a KBr beam splitter at room temperature. The sample area was purged 
with nitrogen to avoid appearance of water bands in the spectra. Zinc selenide (ZnSe), 
instead of silicon <100>, was used as the substrate of the composition-gradient libraries 
since it is more suitable for FTIR analysis as it is transparent down to approximately 
ν=600 cm-1.  
Spectra were measured and averaged 128 times at a resolution of 4 cm-1 for 
several locations of distinct composition over the library. Positioning of the sample was 
done by an automated moving stage with ±1µm accuracy. Bands in the CH3 
asymmetric/symmetric stretch region (ν=2970–2950/2880–2860 cm-1) and the CH2 
asymmetric/symmetric stretch region (ν=2935–2915/2865–2845 cm-1) were resolved 
using peak separation and analysis software (Peakfit®, Systat Soft.). Deconvolution and 
fitting was done using Peakfit®’s Gaussian amplitude IRF deconvolution procedure to 
obtain the area of the IR absorption peaks in the aforementioned regions. Ratios of 







3.2.3.3. ATOMIC FORCE MICROSCOPY (AFM) 
 
Surface topography characterization was performed using a 
Thermomicroscopes® Explorer scanning probe microscope (SPM), with a gold-coated 
silicon nitride V-shaped cantilever (part# MLCT-EXMT-A, Veeco metrology group). Data 
was acquired in contact mode and force modulation mode over a sampling area of 
100 µm x 100 µm at a scanning rate of 200 µm/s. The force modulation or z-modulation 
is basically a secondary imaging mode derived from the standard contact mode, which 
measures relative elasticity/stiffness of surface features, facilitating the mapping of 
material distribution in composite systems and improving the detection of minute surface 
characteristics. Force Modulation imaging allows simultaneous acquisition of both 
topographic and material-properties maps. 
Surface structure of different spots of the PCL/PDLA libraries were visualized 
from the z-modulation maps (force modulation mode), while average microdomain height 
and root-mean-square roughness, which is defined as the standard deviation of the 
surface height measurements over a scanned area, were determined from the 
topography maps (standard contact mode). The measurements were effectuated over a 
vibration isolating air table so as to minimize noise from the surroundings.  
 
3.2.3.4. CROSS POLARIZED OPTICAL MICROSCOPY 
 
Surface structure visualization was done via an automated Olympus BX51 cross 
polarized microscope. Cross polarization filters were operated at an angle of 45° (high 
extinction factor) to achieve high contrast between the glassy amorphous PDLA phase 
and the crystalline PCL phase. Pictures taken with a digital camera (Olympus C-3040) 
coupled to the microscope were processed and analyzed with ImageJ (NIH, public 
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domain) and SigmaScan Pro (Systat software), in order to identify and characterize 
parameters of the phase separated regions of the PCL/PDLA blends, such as: diameter 
of the phase separated structures and surface fraction of each component.   
 
 
3.3. RESULTS AND DISCUSSION 
 
3.3.1. LIBRARY FILM THICKNESS (ELLIPSOMETRY) 
 
Ellipsometry was carried out before annealing the libraries, since it diminish the 
surface uniformity required to obtain the best possible model fitting (low mean squared 
error –MSE–), due to the dramatic increase of surface roughness generated by the 
blend phase separation. However, thickness is not expected to change appreciably due 














Figure 3.13. Graphic representation of the ellipsometry test locations (red dots) over 
the composition gradient library. 
 
 
Measurements were performed at 5 different locations aligned orthogonally to the 
composition gradient, covering the whole composition range (figure 3.13). These 
 71
measurements were made over 3 different libraries and repeated three times (at 3 
different locations) for each single library. 
The results from the ellipsometry quantifications are condensed in a plot of 
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Figure 3.14. Thickness measurements by ellipsometry for PCL/PDLA composition 
gradient libraries (red dots). The straight line corresponds to a linear fit of 
the ellipsometry data (R2=0.993). X=0 mm and X=24 mm correspond to 
φPCL≈0.82 and φPCL≈0 respectively. Each data point represents the 
average thickness of 3 measurements over 3 different libraries. Error bars 
denote the standard uncertainty (±SEM, n=9).  
 
 
It is readily seen that the film thickness varies monotonically along the library 
width from approximately 4.95 µm on the PCL rich side to 2.23 µm on the PDLA rich 
one. A variation of this kind was expected, given the difference in viscosity between the 
PCL and PDLA solutions (µPCL> > µPDLA) and the linear composition profile across the 
library (FTIR, section 3.3.2).  
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The thickness of the libraries was deliberately high to avoid shifting of the LCST 
boundary to temperatures different than those of the bulk LCST [13, 18], and to prevent 
dewetting during the annealing step. Initial trials with very thin libraries cast over etched 
and non-etched silicon, and with thicker libraries prepared over “relative hydrophilic” 
silicon (etching times of 1min or less, including non-etched silicon), showed dewetting 
structures when annealed; suggesting that low film thicknesses and high surface energy 
substrates facilitate thermally induced dewetting. 
 
3.3.2. LIBRARY COMPOSITION (FTIR) 
 
FTIR spectra of several locations across the PCL/PDLA libraries were acquired 
along a line orthogonal to the composition gradient, following a similar fashion to that 
depicted in figure 3.13 for the ellipsometry procedure.  
Spectra measured over numerous positions of non-annealed and annealed 
PCL/PDLA libraries are shown in figure 3.16 (only the CH2 and CH3 symmetric and 
asymmetric stretch regime is shown since peaks of interest are found in this 
wavenumber interval) 
 Characteristic peaks of the FTIR spectra, based on the structure of each 
component (figure 3.15), were chosen to follow the change of PCL and PDLA 







































































































































Figure 3.16. FTIR spectra of PCL/PDLA composition-gradient films: a) annealed 
library,  b) non-annealed library. Each curve represents a different spot 
over the library (inset). (∆φPCL≈0.82 to 0). 
 74
A long 5-carbon CH2 chain in the PCL structure and a methyl (CH3) side group in 
the PDLA one, are the most prominent differences among the structures of the 2 
polymers. Consequently a characteristic peak was expected for PCL in the CH2 stretch 
region, whereas a PDLA signature was anticipated in the CH3 region. Indeed, PCL 
showed a remarkably strong absorbance peak around 2864 cm-1, CH2 symmetric stretch 
regime (“pure PCL” curve, figure 3.16). In contrast, PDLA showed a characteristic, but 
faint, peak close to 2970 cm-1, asymmetric CH3 stretch region (“pure PDLA” curve, figure 
3.16). The reason of the dim absorbance of PDLA in the CH3 stretch regime (when 
compared to that of PCL in the CH2 regime) can be due in part to the film thickness 
difference between the PDLA and PCL rich regions (almost 2 times thinner in the PDLA-
rich end).  
Following the peak at 2864 cm-1, a monotonic decrease in PCL absorbance is 
witnessed as position is scanned across the library (starting from the PCL-rich edge). A 
corresponding increase in PDLA absorbance (2970 cm-1 peak) is also noticed. 
Absorbance variation of the peak centered at 2864 cm-1 was assumed to be 
exclusively an effect of PCL concentration change (which can be seen from the FTIR 
spectra of pure PCL and pure PDLA in figure 3.16). Therefore, quantitative analysis to 
verify composition along the library, and to validate the linear composition gradient 
profile estimated from the mass balance (equation 3.5), was effectuated comparing the 
absorbance of this peak (2864 cm-1) with the absorbance of mixtures of known 
concentration and thickness (standards). The model to obtain the PCL mass fraction 






ε= − )  (3.6) 
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Where I and I0 are the intensity of the transmitted and incident radiation respectively, ε is 
the frequency dependant extinction coefficient, C is the sample concentration, and h is 
the sample thickness. Absorbance, A, is defined as the negative logarithm of the 
transmittance ratio, therefore: 
 
 A Chε=  (3.7) 
 
Since the extinction coefficient, ε, is only a function of frequency, it is constant for 
particular material at a fixed frequency. Thus, mixtures of known composition and 
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∴ =  (3.9) 
 
Where 0 and 1 subscripts represent the known and unknown mixtures respectively.  
The thickness of the unknown sample, h1, was approximated from the thickness 
profile obtained earlier by ellipsometry (figure 3.14). A “2nd derivative zero” algorithm 
(Peakfit®) that determines the points where the second derivative of the data is both 
constant and zero, was used for baseline subtraction prior to absorbance (peak area) 
calculation. Absorbance values of the peak at 2864 cm-1 for different PCL compositions 
were calculated for 2 separate non-annealed libraries using Peakfit®. Four different 
standards of 25%, 50%, 75% and 100% PCL were prepared and characterized by FTIR 
absorbance at 2864 cm-1 and thickness (ellipsometry). An average variation of 1.8% was 
observed between the calculated PCL concentration values for a particular spot, 
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depending on the standard used. The average of the values estimated with all 4 
standards was taken as the final PCL concentration. 
 Figure 3.17 shows the calculated PCL concentration values along with the 
predicted profile from mass balance. As seen in the plot, there is good agreement 
between the mass balance and the values obtained from FTIR spectra. Differences 
between them extend from 0.2% to 4.8%, with an average of 2.24%. Theses results 
validate the existence of a linear composition profile along the composition-gradient 
library, and show the potential of the gradient-film coating technique as a powerful 
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Figure 3.17. PCL mass fraction vs. position over a non-annealed linear-gradient 
PCL/PDLA library. The solid blue line represents the expected mass 
fraction of PCL (mass balance). Red dots represent the average value of 
the PCL concentration calculated at the same location in 2 separate 




In order to verify that the linear composition profile was not affected by the 
annealing process, the same 2 chips formerly used for the mass balance validation of 
non-annealed libraries were annealed for 2 hours following the procedure outlined in 
section 3.2.2. FTIR spectra of the annealed chips (figure 3.16a) were registered along a 
line of constant annealing temperature (approximately 100 °C). Just a few random 
positions were evaluated since the purpose was not to show that the gradient was linear, 
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Figure 3.18. PCL mass fraction vs. position over an annealed linear-gradient 
PCL/PDLA library. The solid blue line represents the expected mass 
fraction of PCL (mass balance). Green dots represent the average value 
of the PCL concentration calculated at the same location in 2 separate 
libraries. Standard uncertainty given by error bars (±SEM, n=2). 
 
 
Diffusion for a 2 hour anneal was not likely to affect considerably the previously 
observed linear profile, as based on a diffusion length ( Dt ) of approximately 849nm 
(equivalent to 0.0035% of the library width) for a polymer of MW≈115000 with an average 
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diffusion coefficient of D≈10-16 m2/s in a polymer melt. Figure 3.18 illustrates that the 
influence of the annealing procedure on the composition gradient was indeed negligible, 
as all the points calculated deviate only from 0.4% to 3.5%, with an average of 2.28%, 
from the theoretical values.   
 
3.3.3. LIBRARY SURFACE ROUGHNESS (AFM) 
 
Atomic force microscopy (AFM), used to physically characterize the surface 
profile of the libraries, was executed in two different scanning modes, namely, contact 
mode and z-modulation (or force modulation) mode. In force modulation imaging mode, 
the cantilever tip tracks the sample topography as in normal contact mode, with the 
difference that a periodic signal is applied to the cantilever. The amplitude of tip 
modulation that results from this applied signal varies according to the elastic properties 
of the sample. Hence, the resulting force modulation image, which is a map of the 
sample’s elastic response, shows improved contrast between surface features when 
compared to its topography counterpart (as seen in figures 3.21 and 3.22). Both types of 
images were collected simultaneously, since the frequency of the signal applied to the 
tip is several times higher than the Z feedback loop it is set up to track. Therefore, 
topographic information can be separated from local variations in the sample’s elastic 
properties.  
AFM scans were performed over three separate libraries at several locations of 
disparate composition-temperature regimes, covering an area of 100 µm x 100 µm per 
scan. Values of the root-mean-square roughness, which gives information about the 
height difference distribution of the surface microstructures, were estimated from the 
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3.2.3.3, the root-mean-square roughness corresponds to standard deviation of the 




















Figure 3.19. Root-mean-square surface roughness of three separate annealed 
composition-gradient libraries, obtained from topography maps of contact 
AFM mode. a), b) and c) denote libraries 1, 2 and 3 respectively. 
 
 
It is very important to note that AFM tests were completed only over annealed 
libraries, since the main purpose of the procedure was to analyze and characterize the 
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surface topography of the different microstructures developed during phase separation 
of the PCL/PDLA blends (LCST phase behavior). Figure 3.19 shows a general trend of 
surface roughness increment as temperature increases. This trend is more clear on 
libraries 2 and 3 (figures 3.19b and 3.19c) than in library 1 (figure 3.19a), which shows 
particularly high roughness values at low temperatures (around 87 °C), masking the 
global effect of temperature on roughness. These high values are likely to be an artifact 
related to inconsistencies in the library preparation, since those temperatures 
correspond to the lower limit of the LCST regime, where such large changes on surface 
topography are not expected. The effect of composition on surface roughness is 
somehow different than that of temperature, as roughness increases with PCL 
concentration until a maximum is reached in the vicinity of 55% PCL, close to the LCST 
limits (as seen in figure 3.3). Further increase in PCL concentration evidences a 
decrease in surface roughness, as seen at 66% PCL, which is clear in all the 3 libraries. 
The average surface roughness profile of PCL/PDLA libraries as a function of 
composition and temperature is shown in figure 3.20a.  
In order to ease the visualization of the roughness distribution over an annealed 
library, a contour map of the average roughness values presented in figure 3.20 is 
shown in figure 3.20b. It is evident that the LCST phase behavior of the polymer blend 
has a significant effect on surface roughness, as there is a noticeable increase in 
surface roughness deep inside the LCST regime and further gradual decrease towards 
its limits. This suggests the development of very distinct PCL and PDLA microdomains 
due to both PCL crystallization and phase separation, and also confirms the transition of 






































Figure 3.20. a) Root-mean-square surface roughness profile of a PCL/PDLA annealed 
composition-gradient library. Values presented as averages ± SEM 
(indicated by error bars delimited by inverted cone markers, n=3). b) 
Contour map of the average root-mean-square surface roughness values 
over the composition-gradient library. 
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Topography and force modulation maps of diverse composition-temperature 
regimes of PCL/PDLA libraries are shown in figures 3.21 through 3.25. These images 
allow direct visualization of an extensive variety of surface microstructures, and facilitate 
comprehension of the surface roughness values presented beforehand. Three 
dimensional extensions of the topography maps are also shown in order to enhance 
visualization, illustrating the actual polymer surface morphology. 
 











Figure 3.21. AFM images of a two-hour annealed PCL/PDLA library. Approximate 
composition and temperature of the scanned area are 
26%PCL/74%PDLA and 120 °C respectively. a) Force modulation mode 




The contrast between figures 3.21 and 3.22 illustrates the gradual change of 
surface microdomains configuration as concentration is scanned along a line of constant 
temperature. Thereby, the regime corresponding to 26% PCL and 120 °C (figure 3.21) 
exhibits a discrete small-droplet phase identified as the PCL-rich domain (section 3.3.4), 
which is dispersed in a continuous PDLA-rich matrix.    
As PCL concentration rises to 39% PCL at 120 °C (figures 3.22a and 3.22b), the 
size of the semicrystalline discrete PCL-rich domains augments as well as their height. 
Further increase in PCL concentration to 53% PCL at 120 °C (figures 3.22c and 3.22d), 
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evinces a consolidation of the PCL-rich regimes which gives place to a bi-continuous 
phase morphology of the PCL/PDLA blend (section 3.3.4). Higher PCL concentrations, 
above approximately 58% PCL, present an opposite behavior to that seen in low PCL 
































Figure 3.22. AFM images of a two-hour annealed PCL/PDLA library. Images a) and c) 
correspond to force modulation maps, and images b) and d) to contact 
mode topography maps. Approximate compositions of the scanned areas 
are 39%PCL/61%PDLA for images a) and b), and 53%PCL/47%PDLA for 
images c) and d). Temperature is 120 °C for all images. Scanned area: 





























Figure 3.23. Three dimensional extensions of AFM topography maps of two-hour 
annealed PCL/PDLA libraries. a) 26%PCL/74%PDLA, PCL-rich droplet-
like domains dispersed in a continuous PDLA-rich matrix. b) 
39%PCL/61%PDLA, PCL-rich domains in a continuous PDLA-rich matrix. 
c) 53%PCL/47%PDLA, merged PCL-rich domains forming a bi-
continuous PCL/PDLA matrix. The approximate annealing temperature of 
the sampled regions is 120 °C. Scanned area: 100 µm x 100 µm. 
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In order to witness the variety of surface morphologies across PCL/PDLA 
libraries, areas with different conditions of temperature and composition than those 
previously presented were scanned as well. A few of these are shown in figures 3.24 


















Figure 3.24. 2D and 3D topography maps of two-hour annealed PCL/PDLA libraries. 
a) 32%PCL/68%PDLA 110 °C, PCL-rich domains segregated in a PDLA-
rich surrounding. b) 40%PCL/60%PDLA 100 °C, bi-continuous PCL/PDLA 




Figure 3.25. Three dimensional topography maps of two-hour annealed PCL/PDLA 
libraries. a) 70%PCL/30%PDLA 100 °C. b) 10%PCL/90%PDLA 95 °C. 
Scanned area: 100 µm x 100 µm. 
 
 
The three dimensional topography maps shown in figures 3.25a and 3.25b 
present a lack of segregation of chemically distinct domains, leading to more 
homogeneous and smoother (less rough) surfaces. This is consistent with the expected 
characteristics of a completely miscible blend, as the scanned areas correspond to 
locations well outside the LCST regime, where PCL and PDLA are totally miscible and 
form a continuous one-phase blend.  
 
3.3.4. MICRODOMAIN GEOMETRY AND DISTRIBUTION CHARACTERIZATION 
(CROSS POLARIZED OPTICAL IMAGING) 
 
Further surface characterization by means of AFM was hindered by the limited 
scanning range of the apparatus when compared to the size of some surface 
microstructures. Cross polarized optical microscopy was therefore used to accomplish 
this task, taking advantage of the fact that the crystalline morphology of PCL rotates 
polarized light, whereas the amorphous PDLA structure doesn’t. This is translated in a 
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high contrast between bright PCL crystalline and semicrystalline regions and dark PDLA 
areas, as clearly seen in figure 3.26.  
 Characteristics of the phase separated polymeric blend, such as structure 
diameter and individual component surface coverage, were obtained by means of image 
analysis. The detailed analysis procedure followed is depicted in the subsequent 
paragraphs. However, it is shown for only one image as the analysis method is the same 
for each of the 144 images evaluated. Image manipulations (enhancements) such as 
correction of lightning unevenness and contrast increase were effectuated prior to the 
analysis to improve its reliability. 
 Pictures were taken over annealed libraries at the same 36 composition-
temperature locations examined with AFM, in order to observe how surface roughness 
correlates with microstructure size and polymer surface fraction.  
 
3.3.4.1. IMAGE ENHANCEMENT 
 
Image enhancement was performed using the image analysis software package 
SigmaScan Pro (Systat software).  
The first step followed in the enhancement procedure was correcting uneven 
lighting, as it greatly influences intensity thresholding (a major problem in image 
analysis). Lightning correction, also called shading correction, was done creating an 8 x 
8 grid pseudo-clearfield map of the original image, which is an approximation of the 




























Figure 3.26. Original polarized microscope picture of a phase separated PCL/PDLA 
blend. Bright and dark regions correspond to crystalline PCL and 




The pseudo-clearfield map was generated by setting the center point of each 
square of the predefined 8 x 8 grid, to the value of the lightest pixel in the original 
image's corresponding square. Linear interpolation between the adjusted center points 
was then used to estimate the intensity values of the rest of the pseudo-clearfield map 
(figure 3.27a). It is important to mention that prior to the pseudo-clearfield generation, 
the original image was converted to grayscale in order to allow grayscale linear 
interpolation between the grid center points. 
Image equalization (lightning correction) was performed dividing the original 














































Figure 3.27. a) Generated approximation of the lighting pattern of the image shown in 
figure 3.26 (pseudo-clearfield map). Encircled area shows uneven image 
lighting. b) Light equalized and contrast enhanced image (grayscale). 
Encircled area highlights the light equalized region. 
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Further enhancement of the image was performed by increasing the contrast of 
the light equalized image, in order to facilitate intensity thresholding and therefore image 
overlay plane generation. The final enhanced image to be used for analysis is shown in 
figure 3.27b. 
 
3.3.4.2. IMAGE ANALYSIS 
 
The procedure followed to analyze different regions of the PCL/PDLA libraries 
was divided in two parts namely; overlay plane generation and filtering, which involves 
the creation of a binary image suitable for analysis; and binary image particle analysis, 
employed to characterize microstructure size and surface fraction of each component. 
Overlay plane generation and manipulation was performed using SigmaScan Pro (Systat 
software), and final particle analysis was carried out with ImageJ (NIH, public domain). 
The main idea behind creating an overlay plane of an image prior to its analysis, 
is simply to generate an image segmentation that groups the parts of interest leaving 
outside those that lack importance.  
Overlay planes were obtained defining an intensity threshold (equation 3.10) over 
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Where f(x,y) is the grey value of a pixel located at the position (x,y), and τ is a fixed grey 
value defined as “threshold”.  
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Pixels with grey intensities above the threshold value τ are assigned to category 
1 and are declared as “object”; those with intensities below τ are assigned to category 0 
and declared as “background”. 
The threshold value was chosen so that only PCL-rich regions (object), which 
corresponds to high intensity pixels (bright areas), were included in the overlay plane; 
leaving out the low intensity pixels corresponding to PDLA-rich domains (background). 
When the pixels range or categories were set, the grey level of each pixel in the image 
was compared with the selected threshold level. Pixels with intensities laying in category 
1 and category 0 are turned “on” and “off” respectively, generating the desired binary 











Figure 3.28. Overlay plane of the PCL/PDLA library region shown in figure 3.27b. Red 




It is readily seen in figure 3.28 that the generated overlay plane matches very 
well the PCL-rich rich domains. However, these regions, seen as red “blobs” in the 
figure, are not completely formed by PCL and the presence of minute PDLA domains is 
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evident (minuscule black dots inside the red blobs). This creates a problem for the final 
image analysis, since the existence of these small domains makes the particle analysis 
extremely sensitive to the lower limit value setting of the particle size. In other words, a 
small bright PCL area surrounded by these tiny PDLA domains, which is indeed part of a 
bigger PCL domain, can be counted as one independent particle; resulting in 
considerable variations on the calculated average domain size. For example, increasing 
the lower particle size from 1 pixel to 4 pixels on a 1024 x 768 pixels image (as the one 
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Figure 3.29. Filtering procedure of the original overlay plane to remove small PDLA 
domains from PCL rich regions. 
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Figure 3.29. Filtering procedure of the original overlay plane to remove small PDLA 
domains from PCL rich regions. 
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To avoid this problem the initial overlay plane was filtered using several standard 
filtering techniques such as dilation, erosion, and “hole filling” (detailed explanation of 
morphology filters for binary images can be found elsewhere [19]). The filtering 
procedure executed is outlined in figure 3.29. 
It is important to notice that the use of a standard global thresholding technique 
was satisfactory, due to the fact that the contrast between PCL and PDLA in the 
polarized microscopy images was considerably high. Otherwise, the use of more 
specialized techniques like sharpening filters (i.e., Sobel filter and Roberts filter) [20], 
and adaptive thresholding would have been required to improve edge detection. 
 Image analysis of the final filtered overlay plane (figure 3.29) was performed 
using ImageJ’s built-in particle analysis routine. This routine counts and measures 
objects in binary or thresholded images by scanning the image or selection until it finds 
the edge of an object. It then outlines the object (figure 3.30) and measures it using the 
“measure” command; another built-in function of the program [21]. This command allows 
effectuating several distinct measurements (i.e., particle size, area, circularity, diameter, 
etc); however, we focused on only two of them, namely, particle maximal Feret’s 
diameter (Fmax) and particle area coverage. 
 Maximal Feret’s diameter is defined as the theoretical diameter of an object if it 
were circular in shape, which is equivalent to the particle’s caliper length or longest 
distance between any two points along the selection boundary (particle boundary). This 
parameter is widely used to characterize the dimensionality of objects with random 
shapes or “blob” shapes (figure 3.31), such as the phase separated microstructures 
found over PCL/PDLA libraries. Edge particles (those intersected by the border or 
“frame” of the image) were excluded from the analysis when calculating the particles 
average size and maximal Feret’s diameter, to avoid inaccurate values that could have 
emerged when taking into account incomplete particles. These incomplete particles, 
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however, were considered to calculate the polymers average surface fraction as the 











Figure 3.30. Outlines of the measured regions generated during the image analysis 










Figure 3.31. Schematic of the maximal (Fmax) and minimal (Fmin) Feret’s diameters of a 
random shape particle [20]. 
 
 
The surface fraction covered by PCL-rich domains exhibits a monotonic rise as 
PCL concentration increases (figure 3.32). This increment is quite clear above a PCL 
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mass percentage of approximately 15%. Below this value the calculated surface 
coverage of PCL ranged between 0% and 3% regardless of the PCL concentration, 
which might be explained by hindering of PCL crystallization due to a high degree of 
dispersion of PCL in the glassy PDLA matrix at very low PCL concentrations. Limitations 
in the resolution of the image analysis technique can also contribute to this fact, as there 
is a lower limit of PCL concentration below which bright pixels of minute crystalline 
regions cannot be resolved. Temperature, on the other hand, seemed to have little or no 
effect on the percentage of area covered by PCL regimes, as there is no marked change 
or trend in this quantity along lines of varying temperature and constant composition 
(figure 3.32a, lateral view). 
  It can be noticed in the range of monotonic increase of surface coverage with 
increasing PCL concentration, that the surface percentage values are approximately an 
additional 10% higher than the corresponding PCL concentration values; that is, for a 
PCL concentration of 40% the surface coverage is close to 50%, for a concentration of 
50% the area is about 60% and so on. This difference is due mainly to the filtering 
procedures applied to the images prior to their analysis, specially the “hole filling” filter, 
since small PDLA regions are masked and considered to be part of bigger PCL 
structures incrementing therefore the effective area covered by PCL. The approximation 
of the three-dimensional morphology of the libraries surface, generated by the height 
disparity between PCL-rich and PDLA-rich domains, to two-dimensional images, also 
contribute to this difference, since the images fail to account for the real amount of PCL 
















































Figure 3.32. a) PCL surface coverage profile of a temperature-annealed PCL/PDLA 
composition-gradient library. Values presented as averages ± SEM 
(indicated by error bars delimited by inverted cone markers, n=4). b) 
Contour map of the PCL surface coverage values over the composition-
gradient library. 
Calculations of surface coverage were effectuated over the initial unfiltered 
overlay plane to exclude the “extra area” added by the filtering procedure; however, the 
program failed to properly recognize the particle edges and tended to open internal 
boundaries (i.e., rings) and merge domains depending on the lower particle size limit. 
This turned into a highly variable area coverage value. 
 The size (feret’s diameter) distribution of the PCL microdomains is displayed in 
figure 3.33, where the average sizes range from approximately 0.5 µm to 70 µm. In this 
case the influence of composition and annealing temperature was noticeably different 
than their effect over surface coverage, as the size of PCL microstructures increased 
with both composition and temperature. However, there is maximum limit to the size 
increment of PCL domains since, as mentioned earlier in section 3.3.3, at PCL 
concentrations above 58-60% a transition from the unstable region, below the spinodal 
curve, to the metastable region, between the spinodal and binodal curves, takes place 
and  PCL becomes a continuous phase with dispersed PDLA droplet-like structures.  
The deviation between the diameter values calculated from the 4 different 
libraries was higher towards the central area of the library, as seen form the standard 
error denoted by error bars in figure 3.33a. This variance is an expected outcome of the 
image analysis procedure, specifically the way feret’s diameter is calculated, since the 
area mentioned corresponds mainly to the region where a bicontinuous morphology is 
present. This morphology is characterized by “wavy” or “twisted” shapes whose maximal 
distance between boundary points depends greatly on “how” the structure is twisted, 
producing therefore less homogeneous results than those obtained from structures with 




















































Figure 3.33. a) PCL domain feret’s diameter profile across a temperature-annealed 
PCL/PDLA composition-gradient library. Values presented as averages ± 
SEM (indicated by error bars delimited by inverted cone markers, n=4). b) 
Contour map of the PCL domain feret’s diameter values over the 
composition-gradient library. 
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The witnessed PCL-domain size increment with increasing temperature when 
moving along lines of constant composition inside the LCST regime (figure 3.33), is 
explained by a steady increase of free energy mismatch between the 2 phases due to 
polymer densification (entropic effect generated by a polymer free volume diminution). 
This mismatch obliges the 2 phases to lower their contact area with each other in order 
to keep the free energy difference at a minimum (equilibrium condition). The reduction in 
contact area is attained by coalescence of adjacent chemically akin domains, which 
increases domain size and lowers their specific area (area per unit mass).  
The polymer densification effect, however, fails to explain the increment in PCL 
domain size noticed at high temperatures (~115-120ºC) and PCL concentrations higher 
than 55 % (figure 3.33). In this region PCL should be a continuous phase with dispersed 
PDLA-rich domains, and hence we should not expect to find PCL domains. What is more 
is that this trend is noticed outside the 2-phase regime (PCL % > 60 %) where the 
polymer surface should consist of a continuous PCL-rich phase. The only logic 
justification for this behavior is a “border effect” due to the library preparation process, as 
the region involved corresponds to the place where the stripe or polymer mix is painted 
prior to coating the film. This region in general has different characteristics (i.e., 
thickness) than the rest of the library.  
 One thing worth mentioning is that as temperature is incremented the enthalpic 
contribution to the free energy difference between PCL and PDLA diminishes while the 
entropic contribution increases (equation 2.14, section 2.3.2). This implies that as 
temperature rises the effect of polymer densification is higher and higher, and hence we 
would expect a diminution in PCL surface fraction (surface coverage) as the specific 
area of the PCL domains decreases (the polymer is “more dense”, then less area is 
required to “cover” the same amount of mass). However, from figure 3.32, it is evident 
that this is not the case with the PCL/PDLA libraries and that surface fraction coverage is 
 101
approximately constant along lines of constant composition. A possible explanation for 
this effect is that the enthalpic contribution to the free energy difference between both 
polymers is not that small in comparison to the entropic one. In other words, the 
energetic contribution is large enough, when summed to its entropic counterpart, to elicit 
LCST phase separation with minimal polymer free volume reduction (low polymer 
densification). This idea, however, has yet to be validated (future work). A plausible 
approach would be evaluating the surface fraction coverage of PCL domains at different 
locations over homogeneous chips (no composition gradient) with the same composition 
and annealed at different temperatures. This will allow to see, avoiding any possible 
influence induced by the temperature and composition gradients of the libraries, if the 
behavior noticed is due to thermodynamic effects, or if, on the contrary, it is related to 
the gradient libraries preparation techniques and/or their temperature gradient. 
The similar behavior seen on surface roughness and microstructure size as a 
function of temperature and composition across the library, shows a close correlation 
between the two variables that suggests an increment in the PCL regime height as its 
specific surface decreases (increase in domain size). This increment raises the height 
difference between surface features (PCL and PDLA domains) which is directly reflected 
in the surface roughness value. 
  A mosaic of images of various distinct locations across a temperature-annealed 
PCL/PDLA library is shown in figure 3.34, where the effect of composition and 
temperature on the surface morphology is easily seen; namely, the transition from a 
PDLA-rich matrix with dispersed PCL-rich droplets to a continuous PCL-rich regime with 
dispersed PDLA-rich domains as PCL concentration increases, and the variation of 



















Figure 3.34. Variation of the PCL/PDLA surface microstructure as a function of 
temperature and composition. Bright=PCL-rich, dark=PDLA-rich. 
Numbers in parenthesis indicate PCL fraction (φPCL) and temperature (T) 






Composition-gradient libraries of the FDA approved biodegradable polymers PCL 
and PDLA were prepared over silicon substrata using the flow coating technique. Due a 
lower critical solution temperature phase behavior of the PCL/PDLA polymer blend, 
diverse surface morphologies were obtained by annealing the composition-gradient 
libraries under a continuous temperature gradient placed in an orthogonal fashion with 
respect to the composition gradient. 
 FTIR characterization of the combinatorial libraries confirmed the expected linear 
mass fraction variation of both polymers along the library, and revealed no significant 
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variation in composition due to polymer diffusion during the annealing process. Film 
thickness, examined by ellipsometry, was not constant and exhibited a linear ascent as 
PCL concentration increased. This variation was attributed to the viscosity disparity 
between the two polymer solutions. Phase separation of the blend, as expected, played 
a critical role in surface morphology variation. For example, surface roughness was 
noticeably enhanced in the demixed region of the library, especially in the upper limit 
inside the LCST regime (late phase separation); whereas PCL structure size exhibited a 
steady increment with temperature attributable to the increasing disparity of free energy 





Characterization results show that the methodology followed in the preparation of 
combinatorial libraries allows to effectively creating patterned surfaces with controllable 
morphologies via temperature and composition variation. Moreover, it stands as a novel 
approach to obtain patterned surfaces of biodegradable polymer blends (when they 
exhibit LCST and/or UCST phase behavior) to be used in biological assays, that rivals 
standard techniques based on pattern embossing onto polymer surfaces of templates 
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EFFECT OF PCL/PDLA LIBRARIES SURFACE TOPOGRAPHY ON CELL BEHAVIOR 
 
4.1. INTRODUCTION  
 
Non-living material like bone mineral and collagen and elastin fibers are found in 
substantial quantities in most tissues. The major, and extremely important, role of this 
material is to provide mechanical strength and support to the tissue. Indeed, without 
collagen we would collapse as piles of cells onto the floor [1]. Therefore, when tissue is 
to grow outside its native environment, mechanical support that mimics that found in 
such environments has to be provided. This task is commonly accomplished by the use 
of “external” materials. However, although a myriad of different materials can be 
engineered to meet the required mechanical characteristics (i.e., metals, polymers, 
ceramics, and composites), the success of their use is dictated by another factor: the 
material-cell interaction.  
The interaction of cells with external materials is an exceptionally complicated 
matter and is of enormous relevance for the development of useful biomaterials in 
numerous fields. Biocompatible materials find use in several diverse applications like cell 
culture devices, bioreactors, protein handling, and lately in the bioelectronics field to 
create state-of-the-art cell-silicon “biochips” [2]. However, the main use of biomaterials 
resides in the domain of tissue engineering and biomedicine where they are commonly 
used as scaffolds to grow or repair tissue, and as prosthetic implants. 
Surface chemistry has been found to be a crucial aspect in determining the 
degree of biocompatibility of a particular material [3]. In fact surface chemical groups of 
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synthetic materials have been shown to interact intimately with the extracellular matrix, 
and have a strong effect on focal adhesions and close contacts [4], which, in turn, 
regulate cell function and signaling [5-8].  
Custom modifications of the surface chemical characteristics of synthetic 
materials have been a popular and effective way to improve biocompatibility and to 
control cell behavior [1, 3, 8-16]. For example, the surface of polyester (PET) 
membranes used in biohybrid organ technology has been modified by allylamine-plasma 
coating to improve cell adhesiveness, maintaining the mechanical properties of the PET 
support [9]. Other approaches involve grafting of different functional groups over polymer 
surfaces [11, 16], and the construction of biomimetic scaffolds by polymer surface 
functionalization with immobilized peptides such as RGD-containing ligands [10, 17, 18]. 
There is abundant evidence that cell shape per se has a major effect on several 
cellular events such as proliferation, differentiation, cytoskeletal organization, and gene 
expression [19, 20]. It has been shown that the fabrication of patterned surfaces that 
combine bioactive and inert chemistries can be utilized to systematically modulate cell 
function by molding cell shape [13, 14, 19, 21-24]. However, cells are also strongly 
sensitive to surface topographical features, having a particularly marked effect on cell 
morphology, and hence cell function [20, 25]. Microgrooved substrata, for example, has 
been found to provoke cellular orientation, known as contact guidance, in fibroblasts and 
Schwann cells [26, 27], and to increase cell F-actin polymerization in macrophages 
which, in turn, influences cell orientation and movement [28]. Cell migration and 
adhesion [12], as well as proliferation and protein expression [29] have been also shown 
to be affected a great deal by substratum roughness. Numerous other studies elucidate 
the importance of surface texture and roughness of implant materials on cell 
responsiveness and cell-surface integration [30-33].  
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Table 4.1 presents the most common biological reactions attributed to 
topographical features. 
 





Activation of phagocytosis 
Orientation of the cytoskeleton 
 
Engineered micropatterned surfaces are commonly used to conduct tests 
designed specifically to delineate cell response to surface topography, since control over 
surface features can be achieved. Fabrication of such surfaces has been done largely by 
photolithography of silica or silicon followed by dry etching, and by electron beam 
lithography (for nanometer-sized features). Embossing and casting techniques have also 
been used to transfer photolithographic patterns to polymer surfaces [1]. These 2D 
techniques, however, are generally expensive, time consuming, and do not lend 
themselves to the creation of patterns on 3D tissue scaffolds.  
Emerging alternatives like demixed polymer blends are gaining momentum as 
they are less expensive and easier to fabricate into 3D devices, and they have been 
proven to influence cell behavior positively. Polymer demixed islands, for example, have 
been shown to influence cell spreading and elicit cytoskeletal changes, as well as 
up-regulate gene expression in immortalized human fibroblasts and human endothelial 
cells [34-36].  
 The advent of state-of-the-art combinatorial and high throughput screening 
techniques into polymers and material science can significantly ease the complex task of 
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characterizing the interactions between cells and biomaterials. Brocchini and coworkers 
[16] have shown that combinatorial approaches are valuable tools in biomaterial design, 
by creating a discrete combinatorial library of 112 distinct polyarylates via parallel 
copolymerization of different aliphatic acids with various tyrosine-derived diphenols. This 
discrete library allowed systematic study of material dependant biological responses. 
Meredith et al [37], have gone one step further by successfully using novel combinatorial 
libraries of PCL/PDLA polymer blends with continuous composition and temperature 
gradients that, due to the blend’s LCST phase behavior (polymer demixing, section 3.1), 
create a continuous variation of surface topography across the libraries. These libraries 
allow concurrent evaluation of the effect of thousands of dissimilar surface 
characteristics on cell attachment and gene expression.  
Here we revisit the previous work of Meredith and coworkers [37], and extend it 
to other key developmental stages of MC3T3-E1 osteoblast-like cells, namely, cell 
attachment and spreading, proliferation, viability, gene expression, and mineralization. 
 




Immature mouse osteoblast-like MC3T3-E1 cells, acquired from the RIKEN 
bioresource center cell bank (Ibaraki, Japan), were used throughout all the experiments. 
This cell line exhibits a sequential expression of osteoblast characteristics analogous to 
in vivo bone formation, namely, a proliferative stage of undifferentiated osteoblast 
precursors followed by expression of a differentiated osteoblast phenotype, after which 
matrix mineralization occurs [38-40]. A simplified representation of the sequential 
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upregulation of osteoblast-specific markers during the different developmental stages of 
MC3T3-E1 cells is outlined in figure 4.1. 
 
4.2.2. CELL CULTURE 
 
Before the experimental runs, MC3T3-E1 cells were subcultured in 150mm tissue 
culture treated polystyrene dishes (Corning, Inc.) with supplemented cell culture media 
consisting of 89% Minimum Essential Medium (MEM) α-Medium (1X) (Invitrogen Corp.), 
10% characterized fetal bovine serum (FBS) (Hyclone), and 1% penicillin-streptomycin 
(invitrogen Corp.), at 37 ̒ ºC and 5% COc. 
 PCL/PDLA composition/temperature gradient libraries (sections 3.2.1 and 3.2.2), 
used as substrates for the cell culture experiments, were sterilized by complete 
immersion in 70% ethanol for 5-10 minutes, followed by two consecutive washes in 
sterile complete phosphate-buffered saline (PBS) (1X) to remove any ethanol remaining 
over the surface of the library. 
To avoid any influence of secreted proteins (i.e., osteocalcin), expressed by cells 
attached to the culture well, Costar® six-well ultra low attachment microplates (Corning, 
Inc.) (individual well diameter = 35 mm) were used to place the sterilized 24 x 24 mm 
libraries. These wells are covered with a hydrophilic and neutrally charged covalently 
bound hydrogel layer that inhibits the hydrophobic and ionic interactions involved in 
protein adsorption, and therefore cell attachment. Each library was allowed to sit flat on 












































Figure 4.1. Simplified graphic representation of the developmental stages of 


























 Prior to the seeding of the subcultured MC3T3-E1 over the combinatorial chips, 
cells were washed with sterile calcium and magnesium free PBS (1X) (Invitrogen Corp.) 
and detached by trypsinization with Trypsin-EDTA (0.05% Trypsin, 0.53 mM EDTA•4Na) 
(1X) (Invitrogen Corp.). Cells were seeded over the libraries at a density of 5000 
cells/cm2 in 89% α-MEM supplemented with 10% FBS and 1% penicillin-streptomycin 
(total working volume per well was 3 ml). Positive controls were prepared by seeding 35 
mm tissue culture treated polystyrene dishes (Corning, Inc.) at identical conditions.  
To promote the expression of differentiated osteoblast phenotype and stimulate 
matrix mineralization, 50 µg/ml L-(+)-Ascorbic acid (vitamin C) (Sigma-Aldrich, Inc.) and 
3 mM β-Glycerol phosphate (Sigma-Aldrich, Inc.) were incorporated to each media 
change [38, 42, 43]. For runs longer than 2 days, supplemented media was exchanged 
every other day.  
Negative controls were prepared when required by replacing the supplemented 





Ironically one of the main issues involved in the use of continuous-gradient 
combinatorial libraries to assess cell-surface interaction, is that the libraries are not 
uniform. Properties of a particular region of the library are different than those of its 
neighboring regions, and consequently its effect on cell function is expected to be 
different as well. This hinders the possibility of using popular and well established 
techniques, especially when evaluating protein expression, such as ELISA, since the 
results would reflect the average contribution of the whole library, but would fail to give 
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any information about a particular spot. Hence, assays have to be completed over the 
library itself. 
Each assay was done over 6 separate combinatorial PCL/PDLA libraries. Results 
were averaged between the 6 libraries and presented as average ± standard error mean 
(SEM). 
 
4.2.3.1. CELL ADHESION AND SPREADING (MORPHOLOGY) 
 
Initial cell attachment and spreading over PCL/PDLA libraries was determined via 
immunofluorescence staining 6 hours after the initial seeding. Cytoskeleton F-actin fibers 
were labeled to identify cell shape, whereas focal adhesion localized vinculin was 
labeled to locate attachment points. 
Once the culture was terminated, cells were washed 2 times with 3 ml of PBS 
and then permeabilized for 10 min with 2ml of cytoskeleton buffera at 4 ºC and pH 6.8, 
plus 0.5% detergent (triton X-100, IBI/Shelton Scientific) and protease inhibitorsb. Cell 
fixation was done with cold (4 ºC) 3.6 % (v/v) formaldehyde in PBS for 5 min followed by 
1 hour blocking with blocking buffer (5% FBS in PBS). After several washes in PBS, the 
primary antibody, mouse anti-vinculin IgG (Upstate Group Inc.), was added to stain for 
target proteins and incubated at room temperature for 1 hour. Secondary antibodies, 
conjugated rhodamine phalloidin (Molecular Probes, Inc.) and Alexa Fluor® 488 goat 
anti-mouse IgG (H+L) (Molecular Probes, Inc.), were added and incubated in the dark for 
1 hour at room temperature to provide signal from primary antibodies. After the 
incubation period samples were rinsed thoroughly in PBS and DIH2O, and then mounted 
on microscope slides. Cell density was quantified using the nuclear DNA stain Hoechst 
                                                
a 50 mM NaCl, 150 mM sucrose, 3 mM MgCl2•6H2O, 50 mM TRIS (J.T. Baker) 
b 20 µg/ml Aprotinin, 1 µg/ml Leupeptin (Sigma-Aldrich, Inc.), 2 mM phenylmethylsulfonylfluoride 
(PMSF) (EM Science) 
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(bisbenzimide) (Molecular Probes, Inc.), which was added simultaneously with the 
secondary antibodies. Qualitative identification of the samples was done by fluorescence 
microscopy using a Nikon Eclipse E4000 fluorescence microscope (Nikon Corp.)c 
coupled with a SPOT RT slider camera (Diagnostic Instruments, Inc.). 
It is important to mention that the PCL/PDLA polymer blend presents noticeable 
autofluorescence, especially under blue and green filters (wavelength emission range 
from 420 to 525 nm) (figure 4.2). Thus an appropriate concentration of antibodies is 
required for proper labeling while avoiding increased polymer autofluorescence due to 
possible non-specific binding. The following dilutions of stock antibodies in PBS were 
found to give satisfactory results: mouse anti-vinculin IgG 1:500, conjugated rhodamine 













Figure 4.2. Blue autofluorescence emission of a PCL/PDLA library excited with a 
379-401 nm source. Brighter sections correspond to PDLA structures. 
 
 
                                                
c This equipment was used for all the different immunofluorescence tests 
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4.2.3.2. CELL PROLIFERATION 
 
A preliminary approach to assay proliferation utilized the thymidine analog 
5-bromo-2’-deoxyuridine (BrdU), preferentially incorporated into newly replicated DNA, 
using the ABSOLUTE-S™ SBIP cell proliferation assay kit (Molecular Probes, Inc.). To 
avoid harsh DNA denaturation methods that thwart the possibility of simultaneous 
cell-labeling procedures on the same sample (i.e., viability), the assay relies on the 
strand breaks induced by photolysis to make the BrdU epitope accessible to the 
detecting antibody.  
Initial tests on TCPS dishes, following the kit’s recommended experimental 
protocol, showed high levels of cell membrane fluorescence with full absence of nuclear 
staining (figure 4.3), suggesting non-specific binding of the BrdU photolyte and/or the 













Figure 4.3. Fluorescence microphotography (green channel) of a 2-day proliferation 




Modifications to the original protocol were performed to solve initial issues by 
incorporating a detergent (triton X-100) to the permeabilization phase, and reducing the 
secondary antibody concentration. Results were mixed as cell nuclei were successfully 
marked, whereas cell membranes still showed considerable fluorescence levels (figure 
4.4).  
Membrane fluorescence turned out to be a significant issue as the PCL/PDLA 
libraries autofluorescence seemed to be noticeably enhanced by the UV light irradiation 
used during DNA photolysis. The combined effect of enhanced polymer 
autofluorescence and cell membrane fluorescence made the distinction of proliferated 
and non-proliferated cells practically impossible. 
A protocol based on the proliferation assay described by Datta et al [44] was 
used as an alternative to the procedure recommended by the ABSOLUTE-S™ SBIP cell 














Figure 4.4. Fluorescence microphotography (green channel) of a 2-day proliferation 
assay of MC3T3-E1 cells on TCPS using a modification of the 
ABSOLUTE-S™ SBIP cell proliferation protocol.  
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BrdU (Sigma-Aldrich, Inc.) was added to the cell culture media prior to cell 
fixation and incubated for 6 hours at 37 ºC and 5% CO2 to allow its incorporation into 
new replicated DNA. Following the incubation period, samples were washed 3 to 5 times 
in PBS (5 min/wash); treated with ice-cold 2N HCl for 20 min to fix the cell layer and 
denature DNA strands; and washed 3 times with a 100 mM TRIS, 50 mM NaCl solution 
(pH 7.6) (20 min/wash). Subsequent blocking was carried out for 1 hour at room 
temperature with 5% goat serum blocking buffer (5% goat serum in PBS). Monoclonal 
anti-BrdU (clone BU 33, Sigma-Aldrich, Inc.) was diluted 1:1000 in PBS and incubated 
for 1 hour after the blocking stage. Samples were thoroughly washed 5 times with PBS 
(5 min/wash) prior to the addition of the Alexa Fluor® 488 conjugated secondary 
antibody (1:200 in PBS) to provide signal from the monoclonal anti-BrdU. Cell density 
was estimated by simultaneous addition of Ethidium homodimer-2 (EthD-2) (Molecular 
Probes, Inc.) diluted 1:2000 in PBS. The labeling solution was removed after an 
incubation period of 1 hour in the dark at room temperature, and followed by exhaustive 
washing in PBS (5 washes, 10 min/wash) and in DIH2O prior to dry mounting. 
 Optimal BrdU concentration for the application was ascertained by trial runs and 
found to be 100 µg/ml (figure 4.5). 
 
Figure 4.5. Representative immunofluorescence images of some of the 2-day 
proliferation trial runs effectuated to determine optimal BrdU 
concentration (Green: BrdU, Red: EthD-2). From left to right: 10 µg/ml, 50 




Cell proliferation was monitored on separate libraries at 3, 4, 5, 8 and 13 days 
after the initial culture. 
 
4.2.3.3. PROTEIN EXPRESSION 
 
During their developmental stages, especially during the postproliferative phase 
where downregulation of replication is associated with expression of osteoblast 
functions, osteoblasts express various characteristic proteins typically called osteoblast 
markers. These markers include alkaline phosphatase (ALP), osteopontin (OPN), 
osteonectin (ON), osteocalcin (OCN) and bone sialoprotein (BSP).  
The expression of alkaline phosphatase and osteopontin increases time-
dependently during osteoblastic differentiation and maturation (early markers), while 
osteocalcin and bone sialoprotein are expressed only after cells reach the mineralized 
tissue-formation stage (late markers) [45] (figure 4.1).  
 We evaluated the effect of PCL/PDLA libraries on the expression of one early 
and one late marker, namely, alkaline phosphatase, which is already expressed in some 
proliferative osteoprogenitors and preosteoblasts; and osteocalcin, which is upregulated 
only at the postproliferative osteoblast stage [41]. 
 
4.2.3.3.1. ALKALINE PHOSPHATASE EXPRESSION 
 
Alkaline phosphatase activity was quantified using the histochemical procedure 
depicted by McGee-Russel [46] after 6-day and 8-day cultures. 
 Cells were washed with PBS and fixed with 70% ethanol for 15 min after 6 or 8 
days in culture. Following fixation, samples were rinsed in diH2O and incubated for 1 
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hour with an ALP staining solution. After the incubation period samples were washed 
once more time with DIH2O and then dried. 
 The staining solution was prepared by dissolving Na-α-naphtylphosphate 
(Sigma-Aldrich, Inc.) and fast blue RR salt (Sigma-Aldrich, Inc.) in a 50 mM TRIS mix 
(pH 10) at a ratio of 2 mg/ml each.  
 
4.2.3.3.2. OSTEOCALCIN EXPRESSION 
 
Osteocalcin expression was examined after 13 and 14 days in culture by 
immunofluorescence, using a very similar staining procedure to that used for f-actin 
staining (section 4.2.3.1).  
 Following 13 or 14 days in culture cells were washed with PBS and 
permeabilized for 10 min in an ice-cold (4 ºC) 0.5% triton X-100 detergent solution. Cold 
(4 ºC) 3.6 % (v/v) formaldehyde in PBS was added for 5 min to fix the cells, followed by 
1 hour blocking with 5% FBS in PBS. Goat anti-mouse osteocalcin (Biomedical 
Technologies, Inc.), the primary antibody, was added at a dilution factor of 1:50 and 
incubated at room temperature for 1 hour. Alexa Fluor® 350 donkey anti-goat IgG (H+L) 
(Molecular Probes, Inc.), used as secondary antibody, was diluted to 1:100 and placed 
onto the sample to provide signal from the osteocalcin antibody. Incubation time was 1 
hour in the dark at room temperature. After the incubation period samples were 









Mineralization of extracellular matrix, which marks the final phase of osteoblast 
phenotypic development, was quantified by Von Kossa staining [47] for 13-day and 
14-day cultures. 
Cultures were fixed in 70%, rinsed with DIH2O and incubated with 5% silver 
nitrate (AgNO3). Incubation was carried out a room temperature with the samples 
exposed to very bright light. After removal of the silver nitrate solution, 5% sodium 
thiosulfate (Na2SO3) was added to fix the staining. Finally the samples were thoroughly 




Cell viability was evaluated with the LIVE/DEAD® Viability/Cytotoxicity kit 
(Molecular Probes, Inc.), a two-color fluorescence assay that determines live and dead 
cells simultaneously by measuring intracellular esterase activity, via calcein AM, and 
plasma membrane integrity, via ethidium homodimer (EthD-1). 
 Samples were concurrently stained with calcein AM and EthD-1 during 
incubation periods of 45 minutes at room temperature. Optimal dye concentrations were 
found to be approximately 1.8 to 2.1 µM for calcein AM and 3.6 to 4.2 µM for EthD-1, 
depending on the sample substrate (TCPS or PCL/PDLA libraries) and culture time. 
Following the incubation phase, quantification of cell viability was completed by 
fluorescence microscopy.  
Cell viability assays were performed in parallel (separate libraries) with each of 
the aforementioned tests.  
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4.3. RESULTS AND DISCUSSION 
 
cells/cm2
4.3.1. CELL ATTACHMENT AND MORPHOLOGY 
 
The initial osteoblast attachment density to combinatorial libraries after a 6-hour 
culture is shown in figure 4.6.  
The number of adherent cells per unit area was significantly greater on areas of 
moderate to low PCL concentration (φPCL ≤ 0.5), reaching the highest attached cell 
density levels (~2100 cells/cm2, comparable to cell density on positive TCPS controls) 
below a PCL mass percentage of 30% (φPCL = 0.3). Below this value cells adhered 
equally to regimes inside and outside the LCST boundary, suggesting a direct influence 













Figure 4.6. MC3T3-E1 attachment density over a PCL/PDLA combinatorial library 
after a 6-hour culture period. Cell density presented as cells/cm2 (average 
values over 5 libraries). Black line denotes the LCST boundary. 
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Surface wettability (hydrophobicity) of PCL and PDLA, evaluated by measuring 
the static contact angle of deionized distilled water, was determined to ascertain whether 
enhanced attachment occurred over a more hydrophilic or more hydrophobic surface.  
Measurements were performed with a Rame-Hart 100 goniometer, obtaining average 
contact angles of 60.44º ± 0.37º and 78.54º ± 0.81º for pure PDLA and pure PCL 
respectively (figure 4.7). The slightly higher hydrophilicity of PDLA compared to PCL, 
attributable to its shorter hydrocarbon chain, suggests that cells attach preferentially to 
regions with higher overall surface energy (more hydrophilic) rather than to low surface 







Figure 4.7. Static contact angle for a) pure PDLA (60.44º ± 0.37º) and b) pure PCL 
(78.54º ± 0.81º). Angles were measured using ImageJ image analysis 
software (NIH, public domain). 
 
 
Although FACs were virtually impossible to resolve on the combinatorial libraries, 
due to the high level of fluorescent green background of the polymer that masked the 
vinculin stain, high magnification long exposure images of the rodhamine phalloidin 
stained F-actin fibers revealed that in fact cells adhere to the more hydrophilic PDLA. 
Since both polymers present a different level of autofluorescence when excited with a 
particular wavelength, images taken over different spots on the library were overexposed 
to a wavelength of 530-560 nm (red filter) for approximately 12 to 15 seconds with a gain 
of 8 in order to make possible the distinction between PCL and PDLA structures. The 
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overexposure was responsible for the bad resolution of the f-actin fibers of the 
cytoskeleton, which looks like a continuous red membrane over the cell; however, it 
made possible to observe that cells were stretching between PDLA rich domains 
(highlighted areas in figure 4.8), or even following the shape of PDLA structures. 
 
Figure 4.8. Overexposed images of MC3T3-E1 osteoblasts adhered on different 
locations of combinatorial PCL/PDLA libraries. Brighter and darker 
background structures correspond to PDLA-rich and PCL-rich domains 
respectively. Highlighted areas show cell attachment points onto PDLA 
structures. Original magnification 60x. 
 
 
Hydrophobic surfaces adsorb comparatively more fibronectin and other serum 
proteins than hydrophilic surfaces. However it has been shown that hydrophobic 
substrata do not promote adhesion and spreading of fibroblasts [48, 49], and that 
moderately hydrophilic surfaces are more favorable for mammalian cell adherence [49]. 
 124
Hence, the preferential attachment of MC3T3-E1 osteoblasts to PDLA-rich areas, 
regardless of the surface microstructure, seems to be regulated by the slightly higher 
overall surface energy of PDLA-rich zones. This phenomenon may be attributable to 
conformational changes of adsorbed adhesive proteins, specially fibronectin, as strong 
hydrophobic interactions may inhibit necessary protein receptors rearrangement 
resulting in loss of biologic activity and hence poor cell adhesion and spreading [50, 51]. 
Furthermore, conformational changes in fibronectin have been shown to elicit alterations 
of other cell events such as proliferation and phenotypic expression in MC3T3-E1 
immature osteoblasts and mouse myoblats [52, 53]. It is important to notice that 
extremely hydrophilic surfaces (i.e., hydrogels) have the same effect as hydrophobic 
substrata on adhesion and spreading [54].   
Even though cell attachment seemed to be unaffected by the surface 
topography, spreading and cytoskeletal rearrangement (cellular responses of 
attachment) seemed a marked dependence to surface features as well spread multipolar 
morphologies were predominant on the rougher surface of the LCST regime, while 
bipolar spindle-shaped cells were present outside the 2-phase region (figure 4.9). This is 
explained by the fact that cell adhesion and spreading are two separate phenomena. For 
example, the attachment strength to a surface is not correlated with the area of contact 
(spreading). A cell attached onto Teflon is easily removed even though it presents a well 
spread morphology, while an elongated cell on glass will strongly adhere and cannot be 
easily detached [2].  
Cells with stellate morphology displayed numerous highly organized f-actin stress 
fibers and high cell area, while the second morphology characterized by a bipolar shape 

































Figure 4.9. Cytoskeleton organization and predominant morphologies of MC3T3-E1 
immature osteoblasts at different composition/temperature regimes over 
PCL/PDLA combinatorial libraries (6-hour culture). Cells were stained 
with rhodamine phalloidin for F-actin stress fibers (red), and Hoechst for 








Figure 4.10. Positive control for attachment and morphology assays. F-actin: red, 
nucleus: blue. 6-hour culture on TCPS. Original magnification 40x. 
 
 
Although well spread cells seemed to be predominant inside the LCST regime 
and elongated bipolar cells outside it, as previously mentioned, examples of both 
morphologies were present all over the library surface. Thus average cell aspect was 
calculated by circularity (equation 4.1) to quantify cell spreading as a function of 
composition and process temperature. Cell circularity compares cell aspect (the ratio of 





π ⎡ ⎤= ⎢ ⎥⎣ ⎦
 (4.1) 
 
Where A and P are the cell area and perimeter respectively. A circularity value of 1 
indicates a perfect circle. As the value approaches to 0, it indicates an increasingly 
elongated profile. 
 Cell circularity was measured by image analysis using ImageJ (NIH, public 
domain). The procedure followed was very straightforward as it only required delimiting 
the cell boundary (figure 4.11). Once cell boundaries were defined, circularity calculation 














Figure 4.11. Cell boundary outline by polygonal selection using segmented line 
sections (yellow line surrounding the cell marked with the arrow. Line 
sections are delimited by the white dots on the boundary). 
 
 
A circularity value of 1 could be seen as an indicator of maximum spreading; 
however, well spread cells normally present polygonal processes that give them a “star-
like” appearance rather than a circular shape. Circularity of spread morphologies ranges 
between 0.4 and 0.6, while for bipolar-shaped cells ranges between 0.08 and 0.2. 
 Figure 4.12 shows the average circularity values of measurements performed 
over 5 distinct combinatorial libraries (standard errors of the measurements are shown in 
figure 4.13). It is clear that spreading is enhanced in the LCST regime compared to the 
1-phase region. However, this increase in cell spreading is not general to the entire 2-
phase region as circularity is particularly high (0.4 to 0.47) towards the center (region 
between 95 to 100 ºC and 30 to 40% PCL), and a gradual decline is evinced towards the 
upper and lower areas (high and low temperature regions of the LCST regime), where 
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circularity reaches values as low as 0.24 and 0.16 respectively. This suggests that the 













Figure 4.12. Contour map of average circularity values of MC3T3-E1 cells cultured for 
6 hours over 5 distinct combinatorial libraries. 
 
 
The preferential adhesion of MC3T3-E1 osteoblasts to more hydrophilic 
PDLA-rich domains and the marked influence of surface topography on cell morphology 
and cytoskeletal organization, suggest that there is an optimal size and distribution of 
surface microstructures that promote cell spreading. Based on the influence of patterned 
surfaces on cytoskeletal organization and the response of the cytoskeleton to stress 
conditions seen in other cell lines in previous studies [34, 36, 55], we hypothesize that 
the stress levels generated as cells are forced to stretch over PDLA domains promote 
cell multipolar spreading and production of f-actin stress fibers. In fact, the region 
between 95 to 100 ºC and 30 to 40% PCL, corresponding to a PCL domain diameter of 
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20.11 to 40.29 µm, and surface roughness of 113 to 177 nm; showed 16.9 to 37.4 % 
improved cell spreading (circularity range: 0.4 to 0.47) when compared to standard 










Figure 4.13. Circularity of MC3T3-E1 cells cultured over PCL/PDLA combinatorial 
libraries for 6 hours. Values presented as averages ± SEM, n=5. SEM is 
represented by inverted cone marker error bars. 
 
 
Nevertheless, it has to be brought up that stellate shape and well spread 
morphology do not necessarily imply a positive influence on cell events such as 
differentiation and phenotypic expression. For example, Ben-Ze’ev and coworkers [56], 
found that hepatocytes with well spread shapes expressed low levels of mRNAs for 
liver-specific proteins, whereas, when seeded over a different surface, this hepatocyte 
cell line presented high levels of liver-specific proteins regardless of a small spherical 
shape with nonexistent polygonal processes and reduced cytoskeletal mRNAs 
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expression. Consequently, to determine if the increased production of f-actin and 
enhanced cell spreading witnessed in the middle section of the LCST regime is 
beneficial or not, although cells of the 3T3 line rarely proliferate when poorly attached 
[6], cell functionality has to be examined by evaluating the sequential expression of 
osteoblast characteristics as a function of composition and process temperature of the 
combinatorial libraries, followed by comparison of regions with proper or enhanced 




Cell proliferation was assayed at different stages of the osteoblastic development 
since progenitor cell proliferation and osteoblast differentiation are believed to have an 
approximately inverse relationship (as seen in figure 4.1). Hence proliferation of 
MC3T3-E1 immature osteoblasts is expected to diminish as they start to differentiate. 
 Assays were completed after 3, 4, 5, 8 and 13 days of culturing to encompass all 
the phases of the MC3T3-E1 developmental process, including the main initial 
proliferative stage as well as the earlier and later phases of phenotype expression. The 
method is based on the immunostaining of the thymidine analog BrdU that is 
incorporated into the DNA as it is replicated during the S-phase of the cell cycle. 
After the staining procedure, due to the large number of libraries involved in the 
proliferation tests, the whole surface of the samples was scanned using a fluorescence 
phosphor-imager (Amersham Bioscience) to accelerate the discovery of areas of 
localized cell proliferation. These areas were imaged in detail later using a fluorescence 
microscope. The phosphor-imager was modified previously to read emission 
wavelengths between 500 and 530 nm (the peak emission wavelength of the anti-BrdU 
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secondary antibody, Alexa Fluor® 488, is 519 nm). Some of the complete-surface scans 
of BrdU stained combinatorial libraries are shown in figure 4.14. 
 
DAY 3 DAY 4 
DAY 5 DAY 8 
DAY 13 
Figure 4.14. Phosphor-imager scans of the surface of PCL/PDLA combinatorial 
libraries cultured with MC3T3-E1 cells and immunostained for BrdU 
(proliferation assay). Darker regions correspond to areas of possible high 




One of the main concerns when using the modified phosphor-imager was that 
the green channel signal-to-noise ratio was very low, especially for sources with weak 
emission power such as the immunostained libraries. This, combined with the 
autofluorescence of the libraries, was thought to be the reason for the patterns seen in 
figure 4.14, as there is no discernible similarity between samples of the same day (this 
behavior held for all the scans done with the phosphor-imager). A closer inspection 
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using the fluorescence microscope revealed that in fact the problem was dye leakage. 
Non-specific dye leakage is a common problem of immunostaining procedures that is 
influenced by diverse factors (i.e., pH, surface charge, temperature, etc). The leakage 
half-life of a dye may range from several weeks (i.e., carboxifluorescein in liposomes) to 
less than a minute (i.e., fluorescein in Bacillus acidocaldarius), depending on the 
aforementioned factors [57].  
Leakage of the conjugated secondary antibody seemed to be associated with the 
complete membrane removal and DNA denaturation with 2N HCl, as very low leakage 
levels were noticed during initial tests where cells were permeabilized with detergent 
solutions and DNA denaturation was done by UV photolysis. Moreover, little leakage 
was observed when using the same secondary antibody to stain vinculin during 
attachment tests. 
Due to the impossibility of taking advantage of the complete-surface scans 
obtained with the phosphor-imager, libraries were scanned the “old fashion” way using a 
fluorescence microscope. It is important to notice that even though the totality of the 
surface of each library was scrutinized, not all the areas were “readable” as green 
background due to leakage reached levels that completely shrouded proliferated cells 
from non-proliferated ones. Other sections presented reduced background intensity that 
allowed discrimination of proliferated and non-proliferated cells; however, hardware and 
control limitations (resolution and gain and exposure controls) of the camera coupled to 
the microscope precluded the possibility of obtaining clear images. For these regions cell 
count to determine the ratio of proliferated cells to total number of cells was carried out 
directly in the microscope. 
 Figure 4.15 shows fluorescence images of several positions over a combinatorial 
library stained for proliferation (BrdU incorporation + EthD-2 DNA staining) after a 3-day 
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culture. The color intensity of the images was enhanced using Photoshop (Adobe 
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Figure 4.15. Immunofluorescence staining for proliferation of MC3T3-E1 osteoblasts 
over a PCL/PDLA combinatorial library after a 3-day culture. Cells were 
stained with Alexa Fluor® 488 (green) for BrdU incorporated into 
proliferated cells, and EthD-2 (red) to quantify total number of cells. 
Numbers in parenthesis indicate PCL mass fraction and temperature in 






Figure 4.16. TCPS positive control for the 3-day proliferation assay. Proliferated cells: 
green. Arrows indicate non-proliferated cells (stained only with EThD-2). 
Original magnification 40x.  
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At a glance, effectuating a qualitative comparison of the proliferation levels of the 
multiple library locations shown in figure 4.15 with the degree of proliferation observed in 
the 3-day positive TCPS control (figure 4.16), it is readily seen that MC3T3-E1 
proliferation appears to reach a standard level (TCPS level) in the outside region 
adjacent to the lower right side of the LCST cloud point boundary (φPCL = 0.5 and 
90.3 ºC < T < 95.25 ºC). Hence the effect of surface microstructures on different cell 
events is likely to be dissimilar, as cells tend to preferentially attach and spread inside 
the 2-phase regime, while seem to propagate faster in the transition region between the 
demixed and continuous regimes. Proper quantitative analysis to support or contradict 
the previous statement is shown later in this section. 
Negative controls were prepared following the procedure described in the 
methods section to rule out abnormal staining of non-proliferated cells, due to non-
specific binding of primary and/or secondary antibodies, or high BrdU concentration. 
Figure 4.17 displays proliferation negative controls following 3-day and 4-day cultures. 
Contrast between green filter images of negative and positive controls confirmed that no 

















Figure 4.17. 3-day and 4-day negative control cultures for proliferation assays. Arrows 
in the green filter images indicate the positions of cells as seen by EthD-2 




















Figure 4.18. Top: Proliferated to total number of cells ratio over a combinatorial 
PCL/PDLA library as a function of temperature and composition after a 
3-day culture (cell passage 5). Values presented as averages ± SEM 
(n=6 blue mark, n=5 grey mark, n=4 green mark, n=3 violet mark, n=2 red 




















Figure 4.19. Top: Proliferated to total number of cells ratio over a combinatorial 
PCL/PDLA library as a function of temperature and composition after a 
4-day culture (cell passage 7). Values presented as averages ± SEM 
(n=6 blue mark, n=5 grey mark, n=4 green mark, n=3 violet mark). 




















Figure 4.20. Top: Proliferated to total number of cells ratio over a combinatorial 
PCL/PDLA library as a function of temperature and composition after a 
5-day culture (cell passage 4). Values presented as averages ± SEM 
(n=5 grey mark, n=4 green mark, n=3 violet mark, n=2 red mark, n=1 no 




















Figure 4.21. Top: Proliferated to total number of cells ratio over a combinatorial 
PCL/PDLA library as a function of temperature and composition after a 
8-day culture (cell passage 4). Values presented as averages ± SEM 
(n=6 blue mark, n=5 grey mark, n=4 green mark, n=2 red mark, n=1 no 
mark). Bottom: Average proliferation ratio contour map. 
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The ratio of proliferated cells to total number of cells at diverse locations of the 
combinatorial libraries is shown in figures 4.18 through 4.22. Average values ± standard 
error means are shown in bar plots, while contour maps present 2D views of the average 
values to ease data visualization. Due to the fact that not all the areas of each of the 6 
libraries used per assay were 100% readable, as stated before, the value of n (number 
of samples) required for the estimation of the standard error fluctuates within each 
assay. Error bars were marked accordingly by assigning a different color to each value 
of n. Finally, it is important to notice that the lower and higher limits of the proliferation 
ratio in the bar plots and contour maps, represented by multiple color levels, were kept 
constant for all the assays to have a proper visualization of the intensity of proliferation 
across the libraries. 
An interesting trend in MC3T3-E1 proliferation over combinatorial libraries is 
witnessed after a 3-day culture (figure 4.18), since cells seem to have a higher 
proliferation rate on the polymer surface nearby the lower limit of the phase separated 
region. This area, characterized by small to medium diameter PCL domains 
(approximately 21 to 33 µm) and moderate roughness (85 to 105 nm), presented a 
remarkably poor cell spreading and cytoskeletal organization upon initial attachment 
(0.18 to 0.28 circ.). Hence, our belief was that proliferation would not be enhanced in this 
region, especially due to the fact that replication of the 3T3 cell line is precluded by poor 
cell spreading [6]. However, the results seen, which corroborate the initial qualitative 
deduction, suggest that the enhanced spreading in the middle-lower part of the LCST, 
resulting from a response to surface topography as the cell tries to reach the preferred 
PDLA-rich domains to attach and avoid apoptosis via anoikis, is not necessarily 
beneficial for cell proliferation and differentiation. A possible explanation for this behavior 
is a lack of isometric tension in the cytoskeleton of the well-spread morphologies 
attained inside the LCST regime. For example, preventing the development of isometric 
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tension and subsequent cytoskeletal restructuring events has been shown to delay, or 
even inhibit, the progression of the G1 phase of the cell cycle in human capillary 
endothelial cells, leading to a restriction of cell proliferation [23]. Other studies have 
demonstrated that entering the S phase of the cell cycle and DNA synthesis can only 
proceed when cells are spread to the appropriate degree [14].  
A behavior similar to the one observed in figure 4.18 has been seen before in 
studies carried out with immortalized human fibroblasts [34], where following initial 
attachment cells presented stellate morphologies and well organized cytoskeletons over 
rough surfaces, whereas, cells attached to flat surfaces had less f-actin stress fibers and 
elongated shapes. 3 days after the initial culture trends had reversed, and the 
cytoskeleton on the planar surface matured with increased amounts of organized f-actin 
fibers, while the cytoskeleton of cells over rough surfaces had become less organized. 
The trend continued, and after 3 weeks cells over the flat surface were mostly confluent, 
whereas the cells over the rough surface were still single, while keeping their well spread 
morphology. Furthermore, various similar studies have revealed a negative impact of 
increased roughness above a particular threshold on cell growth. Washburn et al [58], 
for example, have shown that there is a critical roughness value above which 
proliferation of MC3T3-E1 osteoblasts is drastically reduced. Other study revealed that 
proliferation of rat calvarial cells respond to increased roughness up to a point where 
further increase result in detrimental of cell proliferation [29].  
No strengthening of proliferation was noticed in any area of the combinatorial 
library when compared to the TCPS positive control. The highest level of proliferation 
over the libraries was comparable to that of the positive control. 
It is important to notice that the lack of growth response in certain areas of the 
library was not due to reduced viability, since no apoptosis was observed (section 
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4.3.4.). On the contrary, as shown in the subsequent paragraphs, it was a direct effect of 
the surface of the combinatorial library. 
After 4 days in culture (figure 4.19) the high MC3T3-E1 proliferation regime 
shifted to the lower portion inside the 2-phase region. A small increase in cell 
proliferation was also evinced in the high PDLA concentration region (left area outside 
the LCST) as well as the upper part of the LCST regime. The high PCL concentration 
region, on the other hand, kept low proliferation levels even though that in the 3-day 
culture assay exhibited proliferation levels comparable to the 2 regions just mentioned. 
This can be attributed to the lower surface energy of the high PCL concentration region , 
since increasing hydrophobicity seems to appreciably reduce cell proliferation [16]. 
There is also a reduction in proliferation in the area with the highest levels of cell 
replication in the 3-day assay. This seems to be in agreement with the downregulation of 
proliferation as cell density increases prior to differentiation.  
 Results of the 5-day proliferation assay are shown in figure 4.20. At this point 
proliferation is prominent only in some areas of the high PDLA concentration region and 
the upper left portion of the LCST (proliferation ratio ~0.7). The rest of the library, with 
the exception of the high PCL concentration domain, seems to be leveling and lowering 
the cell replication rate as cells are almost confluent (proliferation ratio ~0.4). The Effect 
of the diverse topographies across the library on cell proliferation can be seen from the 
sequence of different positions where the area of maximum proliferation was located in 
every test, namely, a transition region with low roughness and moderate to small 
microstructures just outside the LCST regime at day 3, middle and lower parts of the 2 
phase regime at day 4, and upper part of the phase separated region at day 5.  
Proliferation ratios of approximately 0.28 at high PCL concentrations (5-day 
assay) reinforce the hypothesis that surface energy is critical for cell proliferation. At this 
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point the cell proliferation ratio of the positive control is lower than the maximum one 
over the library since the control is almost confluent (proliferation downregulation). 
 The 8-day assay (figure 4.12) showed an upsurge in the proliferation ratio at high 
concentrations of PCL. This increase in cell growth in the most hydrophobic area of the 
library, after a prolonged cell culture (8 days), suggests that cell proliferation is retarded 
by low energy substrata. On the other hand, the rest of the library was almost confluent 
and exhibited signs of strong downregulation of proliferation which are characteristic of 
the onset of mineralization.   
After 13 days proliferation has leveled out and the totality of the surface of each 
library is confluent. Only negligible cell growth activity is witnessed at random locations 
of the libraries indicating the total inhibition of proliferation and, hence, the existence of a 
mature osteoblast phenotype. This however has to be supported by evaluating the levels 
of expression of osteoblast markers. 
 
4.3.3. PROTEIN EXPRESSION AND MINERALIZATION 
 
Phenotypic characterization was carried out at diverse instances of the 
postproliferative phase of MC3T3-E1 cells to asses the effect of combinatorial libraries 
on cell differentiation. Two different markers were examined, namely, alkaline 
phosphatase (ALP) and bone osteocalcin (OCN).  
Initial work done by Meredith et al [37] over PCL/PDLA combinatorial libraries 
showed that alkaline phosphatase expression was strongly enhanced at a particular 
temperature-composition regime of the libraries when compared to standard TCPS 
(figure 4.22). In this work alkaline phosphatase activity of MC3T3-E1 cells, which 
normally increases immediately after the proliferative period [40], was assayed after 7 
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and 8 days of culture. 6 separate libraries were examined in each test following the 












Figure 4.22.  Alkaline phosphatase stained PCL/PDLA combinatorial libraries after 
5-day culture with MC3T3-E1 cells (TCPS control is shown on the right). 
Dark areas near the LCST cloud point boundary correspond to alkaline 
phosphatase enhancing regimes [37]. 
 
 
Figure 4.23 shows a digital scan of one of the alkaline phosphatase stained 
libraries alongside a TCPS positive control following a 7-day culture. 
 
Figure 4.23. Left: Combinatorial PCL/PDLA library stained for alkaline phosphatase 
after a 7-day culture with MC3T3-E1 cells (the white line represents the 




It is readily seen that the level of alkaline phophatase expression is very low on 
both the combinatorial library and the positive TCPS control, with no discernible 
differences between both. It is also noticed that there are no important differences 
between the continuous phase regime and the 2-phase regime inside the LCST, 
suggesting no effect of the surface topography on cell differentiation. However, the work 
of Meredith and coworkers shows that actually surface properties do influence cell 
differentiation. Moreover, their alkaline phosphatase test was done over a 5-day culture. 
At this early time, under standard culturing conditions, alkaline phosphatase is 
expressed in very low levels by pre-osteoblasts [41], hence their results can only be 
explained by an upregulation of gene expression triggered by the surface properties of a 









Figure 4.24. Left: Combinatorial PCL/PDLA library stained for alkaline phosphatase 
after a 8-day culture with MC3T3-E1 cells (the white line represents the 
LCST boundary). Right: Positive control TCPS. Cell passage 6. 
 
 
Results of the alkaline phosphatase activity assay for a 8-day culture were not 
very different from those of the obtained on the 7-day ones. Figure 4.24 shows that ALP 
expression increased a little on the positive control (which now looks similar to the 
control of Meredith et al), whereas the library remained almost unchanged. Initially we 
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thought that the library was somehow inhibiting the cell transcriptional pathways that 
lead to differentiation; however, ALP levels on the positive control were also abnormally 
low for an 8-day culture. Therefore we hypothesize that something related to the 
culturing procedure and/or culturing materials (i.e., media, serum, etc) is retarding or 
inhibiting cell differentiation. 
An extra alkaline phosphatase test run performed on a 9-day culture showed an 
increased amount of ALP on matured ECM nodules (figure 4.25). However, again, ALP 
expression was slightly higher on the positive control than on the library, and there was 
no discernible difference between inside and outside of the LCST regime. Moreover, as 
seen in the proliferation assays (figure 4.21), the proliferative stage came to an end 
around day 8. This transition to the matrix deposition and maturation phase is 
characterized by a manifest upsurge in alkaline phosphatase expression [40]. Therefore, 
the expressed levels of ALP at day 9 were expected to be significantly higher in 
comparison to the previous two tests.  
 
Figure 4.25. Left: Combinatorial PCL/PDLA library stained for alkaline phosphatase 
after a 9-day culture with MC3T3-E1 cells (the white line represents the 
LCST boundary). Right: Positive control TCPS. Cell passage 5. 
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Mineralization tests of 13 and 14-day cultures were performed by Von Kossa 
staining as mentioned in the methods section. Figure 4.26 shows digital scans of a 14-
day Von Kossa stained library and a positive TCPS control. The samples in the image 
are characterized by the presence of a thick collagen layer and a total absence of 
mineralized nodules in both the positive control and the combinatorial library. This 
suggests that the library’s surface is not responsible for the lack or reduced phenotypic 
expression witnessed during the alkaline phosphatase tests, and corroborates the 
hypothesis that MC3T3-E1 differentiation is being retarded or inhibited by either the 
culturing procedure or the culturing materials.  
  
 
Figure 4.26. Von Kossa stain for MC3T3-E1 mineralization after a 14-day culture. Left: 
Combinatorial PCL/PDLA library (the red line represents the LCST cloud 
point boundary). Right: Positive control TCPS. Cell passage 4. 
 
 
During the time the experiments for this work were performed, other researchers 
in the laboratory that were working with the same cell line had mineralization issues, 
namely, lack of mineralized nodules even after 21-day runs. The problem was tracked 
down to be related with the serum used to supplement the media. This is not a unusual 
problem, and has been extensively documented. For example, Cornet et al [59] showed 
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that rabbit bone marrow stromal cells differentiated and exhibited ALP activity when 
supplemented with fetal calf serum, but fail to express ALP and revealed reduced 
amounts of cell differentiation when supplemented with Ultroser® serum.  
As expected, after the results shown above, the outcome of the tests for the late 
marker “bone osteocalcin” was negative as well.  
 Some libraries, as the ones shown in figure 4.27, exhibited very small levels of 
dystrophic mineralization. What is interesting is that this mineralization took place mainly 
in the middle-upper part of the phase separated regime. However, if this effect is 
induced by the phase morphology of the surface or if it is just a random effect is 
unknown. Another peculiarity that was noticed in all the libraries stained for 
mineralization is that collagen deposition was almost non-existent in the high PCL 
concentration sector (see figures 4.26 and 4.27). This can be a sign of the existence of a 
strong effect, previously seen in cell attachment and proliferation, of PCL on extracellular 
matrix deposition. 
Figure 4.27. Von Kossa stain for MC3T3-E1 mineralization over combinatorial libraries 
after a 14-day culture (the red line represents the LCST cloud point 
boundary). Cell passage 4. 
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Further work to properly assay osteoblast phenotypic expression of MC3T3-E1 
cells over combinatorial libraries is planned after materials (i.e., serum) are accurately 




4.3.4. CELL VIABILITY 
 
Cell viability didn’t show any direct relation with the surface characteristics of the 
libraries, as it ranged between 98.5% and 100% across the library’s surface during all 
tests. Increased amount of dead cells was noticed only at the borders of the libraries 
during the 13-day and 14-day assays (confluent cells), as shown in figure 4.28. 
The combined viability of all the experiments performed was 98.13 % ± 0.91 











Figure 4.28. Viability comparison of different regions over totally confluent PCL/PDLA 
combinatorial libraries. a) 14-day test, lower border of the library. b) 
13-day test, middle region of the library. c) 14-day test, middle region of 
the library. Viable cells: Green (stained with calcein AM), dead cells: Red 






Combinatorial libraries of PCL/PDLA with diverse surface morphologies were 
used to assay the influence of surface structure on different cell events of MC3T3-E1 
mouse immature osteoblasts, namely, attachment, spreading, proliferation, and 
differentiation. 
Initial cell attachment took place preferentially over the more hydrophilic PDLA 
regardless of the distinct surface structures present inside the LCST regime. On the 
other hand, although cells presented pleomorphic forms all over the library, cell 
spreading was influenced by surface microstructures. Bipolar elongated shapes were 
predominant outside the phase-separated region, while multipolar stellate shapes were 
present mainly inside the LCST regime, especially in the region between 93 to 100 ºC 
and 30 to 40 % PCL, which corresponds to a surface roughness interval of 113 nm < 
RRMS < 177 nm and a PCL domain size range of 20.11 µm < dPCL < 40.29 µm, where 
circularity values reached maximum levels. 
Cell proliferation was initially (3-day culture) enhanced in the transition region 
between the LCST regime and the continuous phase (area comprised between 85 to 
100 ºC and 45 to 55% PCL) corresponding to intervals of surface roughness of 85 nm < 
RRMS < 105 nm and PCL domain size of 21 µm < dPCL < 33 µm. As time passed the area 
of enhanced proliferation shifted across the library: lower region inside the LCST regime 
at day 4, PDLA-rich continuous region outside the LCST boundary at day 5, and PCL-
rich regime on the right hand side of the library at day 8. At day 13 proliferation was 
suppressed and the library was totally confluent. 
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Phenotypic expression assays showed that MC3T3-E1 differentiation was being 
retarded or inhibited by the serum used during the experiments. Hence, the effect of 
structure dissimilarity across the library could not be properly estimated. 
Viability didn’t seem to be affected by the surface morphology of the library since 





The observed interactions of MC3T3-E1 cells and the variable textured surface of 
the PCL/PDLA combinatorial libraries confirm the important role of surface morphology 
on cell behavior, and show the potential of combinatorial libraries for rapid identification 
of complex cell-surface interactions. Specifically, it is revealed that the effect induced by 
a particular region seems to be highly specific for each cell event, as it was clearly seen 
in the attachment, spreading, and proliferation assays (although the effect of surface 
topography on phenotypic expression couldn’t be evaluated we believe that this region-
cell event specificity applies for all the phases of the cell developmental process) .  
This methodology for characterization of wide ranges of surface-cell responses 
opens a new door in biomaterial design, as new biomaterial surfaces can be engineered 
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One of the primary challenges in developing tissue-engineered devices is 
culturing anchorage-dependent cells on synthetic materials while maintaining their 
differentiated properties and functions. This involves an exhaustive evaluation of multiple 
material properties (i.e., surface chemistry) and their effect on cell response. One of 
such properties is surface topography. Surface topography, however, has not been fully 
exploited as a tool to engender desired biological responses and is generally neglected 
or relegated to a second plane by typical approaches that focus chiefly on surface 
chemistry and its effect on cell behavior. This study was structured to gain a better 
understanding on the role of surface structure and morphology in cell behavior, and 
uncover the potential of applying surface topography in innovative ways to improve 
biomaterials design. 
Combinatorial techniques were used to successfully create libraries of blends of 
the FDA approved degradable polymers PCL and PDLA, obtaining thousands of 
dissimilar surface microstructures resulting from the blend’s LCST phase behavior. 
These controllable morphologies encompassed a great range of distinct roughness and 
domain sizes that allowed rapid identification of the effect of surface features on different 
cell events. 
 Reaction of MC3T3-E1 immature osteoblasts to surface topography was evident 
as there were marked differences in their response across the combinatorial libraries for 
a given assay. Optimal process conditions were found to be different from one cell event 
to the other, suggesting that dissimilar surface characteristics influence cell behavior 
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differently depending on the cell developmental state, i.e., the temperature-composition 
regime of enhanced cell spreading was different from that of enhanced proliferation. 
MC3T3-E1 cells, particularly, were positively influenced by low to middle roughness 
levels (85 to 177 nm) and middle sized domains (20 to 40 µm), suggesting a maximum 
tolerable amount of phase separation.  
The ability shown by combinatorial techniques to characterize complex 
cell-surface systems in a rapid fashion, allowing finding optimal topography 
characteristics to elicit specific effects on cells, gives a new perspective to biomaterial 
design as new surfaces can be engineered to target particular cell events (i.e., 
proliferation, protein expression, etc), taking advantage of the exceptional sensitiveness 




RECOMMENDATIONS AND FURTHER WORK 
 
Further surface characterization is essential for a better understanding of the 
underlying relationship between cell behavior and surface morphology. Surface 
properties such as roughness and microstructure size, addressed in this work, must be 
coupled with microdomain dispersion (distribution), in order to ascertain the impact of the 
degree of separation between chemically identical domains on cell attachment and 
function. It is worth mentioning that wide ranges of surface roughness, microstructure 
size, and microdomain distribution can be achieved and analyzed by varying annealing 
times and temperatures. Recent studies have shown that cells are extremely sensitive to 
nanometric-scale features, maybe even more than to micrometric-scale structures. 
Hence, a major improvement to this study, as it would impart a more detailed description 
of surface morphology, would be to assess the effect of dispersed sub-micron structures 
of one polymer into microdomains of the other (i.e., minute PDLA sub-micron domains 
dispersed inside PCL-rich microstructures –polarized micrographs, section 3.3.4.2–) on 
cell function. 
Correlation between cell behavior and surface morphology has been obtained by 
linking library areas with enhanced cell response with the properties of the “same” areas 
over separately characterized libraries. A plausible approach to better the approximation 
of cell-surface interactions would be to utilize the same microscope to evaluate 
microstructure size and distribution (cross-polarized microscopy), and cell characteristics 
(immunofluorescence microscopy). In this way, particular cell responses can be 
associated directly with the morphology of the surface precisely underneath the cells, 
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leaving roughness as the only indirectly evaluated surface feature. Thorough validation 
of results obtained from combinatorial procedures has to be carried out on single 
composition samples, followed by proper statistical analysis. This includes both, surface 
properties of particular composition-temperature regimes and cell response over those 
regimes. Regarding immunofluorescence assays, it is imperative to modify the actual 
methodology and use secondary antibodies with higher signal-to-noise ratio (i.e., 
antibodies with emission wavelengths between 600 and 650 nm), to avoid visualization 
hindrance due to polymer autofluorescence (as experienced during vinculin staining to 
localize focal adhesion clusters). Antibody leakage has to be taken into account as well 
when selecting secondary antibodies. 
Future work should address the impact of surface chemistry by evaluating 
adsorption of adhesive proteins (i.e., fibronectin) over chemically distinct domains and 
their biological activity, that is, protein conformational changes (denaturation) and protein 
orientation. Moreover, new combinatorial approaches should attempt to decouple 
chemistry and morphology effects on cell function. Blends of polymers with comparable 
biological activity, coatings, or crystallinity gradients are a few examples of alternatives 
that can be explored to achieve this. 
Intercellular or paracrine signaling is an important factor on cell function that was 
left unexplored in this work. Paracrine signals are generated by local mediators released 
by cells into the extracellular medium in their neighborhood; these signals act locally on 
contiguous cells having a noteworthy effect on their overall function. Systematic 
inhibition of these signals will allow investigating their role on the cell-surface interactions 
observed across the combinatorial libraries. 
Due to their own nature, combinatorial methods and high throughput screening 
techniques generate enormous amounts of data. The use of appropriate tools for data 
manipulation and analysis such as databases and datamining can markedly ease and 
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improve the process of converting collected data into useful information. Datamining, 
specifically, can be used as a powerful instrument to find trends and patterns inside big 
collections of datasets that otherwise would have been be overlooked.  
Finally, once an adequate knowledge of cell-surface interactions is achieved, 
further complementary work could couple required mechanical properties with cell 
response-enhancing process conditions to obtain biomaterials with optimal 
characteristics. Supplementary research can also focus on combinatorial three-
dimensional (foams) polymer supports that promote cell adhesion and support cell 




POLYMER BLEND MASS BALANCE 
 
The following appendix contains the detailed mass balance derived from 
equation 3.1, and supports the assumptions made to obtain linear composition 
gradients. 
 




Sample time (sec) 62.00  
Initial volume (ml) 1.00 PDLA
XB,0 (vial) 0.05 PDLA
Sampling volume (µl) 84.00 Gradient
Withdrawal rate (ml/min) 1.50 Mix
XA,0 (infusion) 0.05 PCL
Chip size (mm) 24.00  
 
 
Table A.2. Calculated rates based on the initial values presented in table A.1 
(infusion rate equals the average between the sampling and withdrawal 
rates, as stated in section 3.2.1). 
 
CALCULATED VALUES 
Withdrawal volume (ml) 1.550 mix
Sampling rate (ml/min) 0.081 Gradient
Infusion rate for linear 
gradient (ml/min) 0.791
PCL
Infused volume (ml) 0.817 PCL
 
Calculated values of the PCL and PDLA mass fractions inside the vial as a 
function of time (equation 3.2) are presented in table A.3 (A PCL, B PDLA). 
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Table A.3. PCL and PDLA mass fractions inside the mixing vial as a function of time. 
Time (sec) XB,t (vial) XA,t (vial) Time (sec) XB,t (vial) XA,t (vial)
0 0.05 0 32 0.0289161 0.0210839
1 0.0493411 0.0006589 33 0.0282573 0.0217427
2 0.0486823 0.0013177 34 0.0275984 0.0224016
3 0.0480234 0.0019766 35 0.0269395 0.0230605
4 0.0473645 0.0026355 36 0.0262806 0.0237194
5 0.0467056 0.0032944 37 0.0256218 0.0243782
6 0.0460468 0.0039532 38 0.0249629 0.0250371
7 0.0453879 0.0046121 39 0.024304 0.025696
8 0.044729 0.005271 40 0.0236452 0.0263548
9 0.0440702 0.0059298 41 0.0229863 0.0270137
10 0.0434113 0.0065887 42 0.0223274 0.0276726
11 0.0427524 0.0072476 43 0.0216685 0.0283315
12 0.0420935 0.0079065 44 0.0210097 0.0289903
13 0.0414347 0.0085653 45 0.0203508 0.0296492
14 0.0407758 0.0092242 46 0.0196919 0.0303081
15 0.0401169 0.0098831 47 0.0190331 0.0309669
16 0.0394581 0.0105419 48 0.0183742 0.0316258
17 0.0387992 0.0112008 49 0.0177153 0.0322847
18 0.0381403 0.0118597 50 0.0170565 0.0329435
19 0.0374815 0.0125185 51 0.0163976 0.0336024
20 0.0368226 0.0131774 52 0.0157387 0.0342613
21 0.0361637 0.0138363 53 0.0150798 0.0349202
22 0.0355048 0.0144952 54 0.014421 0.035579
23 0.034846 0.015154 55 0.0137621 0.0362379
24 0.0341871 0.0158129 56 0.0131032 0.0368968
25 0.0335282 0.0164718 57 0.0124444 0.0375556
26 0.0328694 0.0171306 58 0.0117855 0.0382145
27 0.0322105 0.0177895 59 0.0111266 0.0388734
28 0.0315516 0.0184484 60 0.0104677 0.0395323
29 0.0308927 0.0191073 61 0.0098089 0.0401911
30 0.0302339 0.0197661 62 0.00915 0.04085
31 0.029575 0.020425
 
Figure A.1 depicts the linear evolution of the PCL and PDLA mass fractions 
presented in table A.3. The only requirement for this linear behavior is that the infusion 




























Figure A.2. Relative PCL and PDLA mass fractions over a 24 x 24 mm silicon 
substrate as a function of position. XA,0 = XB,0 = X0 = 0.5 (PCL and 
PDLA solutions with identical mass fractions). 
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Relative mass fractions calculated using equation 3.5 are tabulated in table A.4. 
The respective linear PCL/PDLA gradient profile created over the silicon substrate is 
shown in figure A.2. 
 
Table A.4. PCL and PDLA relative mass fractions after film casting. 
Position on chip (mm) φB,t (chip) φA,t (chip) Position on chip (mm) φB,t (chip) φA,t (chip)
       
24 1 0 11.61290323 0.5783226 0.4216774
23.61290323 0.9868226 0.0131774 11.22580645 0.5651452 0.4348548
23.22580645 0.9736452 0.0263548 10.83870968 0.5519677 0.4480323
22.83870968 0.9604677 0.0395323 10.4516129 0.5387903 0.4612097
22.4516129 0.9472903 0.0527097 10.06451613 0.5256129 0.4743871
22.06451613 0.9341129 0.0658871 9.677419355 0.5124355 0.4875645
21.67741935 0.9209355 0.0790645 9.290322581 0.4992581 0.5007419
21.29032258 0.9077581 0.0922419 8.903225806 0.4860806 0.5139194
20.90322581 0.8945806 0.1054194 8.516129032 0.4729032 0.5270968
20.51612903 0.8814032 0.1185968 8.129032258 0.4597258 0.5402742
20.12903226 0.8682258 0.1317742 7.741935484 0.4465484 0.5534516
19.74193548 0.8550484 0.1449516 7.35483871 0.433371 0.566629
19.35483871 0.841871 0.158129 6.967741935 0.4201935 0.5798065
18.96774194 0.8286935 0.1713065 6.580645161 0.4070161 0.5929839
18.58064516 0.8155161 0.1844839 6.193548387 0.3938387 0.6061613
18.19354839 0.8023387 0.1976613 5.806451613 0.3806613 0.6193387
17.80645161 0.7891613 0.2108387 5.419354839 0.3674839 0.6325161
17.41935484 0.7759839 0.2240161 5.032258065 0.3543065 0.6456935
17.03225806 0.7628065 0.2371935 4.64516129 0.341129 0.658871
16.64516129 0.749629 0.250371 4.258064516 0.3279516 0.6720484
16.25806452 0.7364516 0.2635484 3.870967742 0.3147742 0.6852258
15.87096774 0.7232742 0.2767258 3.483870968 0.3015968 0.6984032
15.48387097 0.7100968 0.2899032 3.096774194 0.2884194 0.7115806
15.09677419 0.6969194 0.3030806 2.709677419 0.2752419 0.7247581
14.70967742 0.6837419 0.3162581 2.322580645 0.2620645 0.7379355
14.32258065 0.6705645 0.3294355 1.935483871 0.2488871 0.7511129
13.93548387 0.6573871 0.3426129 1.548387097 0.2357097 0.7642903
13.5483871 0.6442097 0.3557903 1.161290323 0.2225323 0.7774677
13.16129032 0.6310323 0.3689677 0.774193548 0.2093548 0.7906452
12.77419355 0.6178548 0.3821452 0.387096774 0.1961774 0.8038226






Figure A.3 shows the effect of using polymer solutions with dissimilar mass 
fractions. The polymer mass fraction evolution during the mixing step remains linear as 
the infusion rate is not affected by changes in the composition of the polymer solutions. 
However, the relative mass fraction of each polymer is greatly affected once the solvent 
has evaporated after casting the library film, supporting the requirement of solutions of 
equal mass fraction to prepare libraries with linear composition gradients. 
 
Figure A.3. Right: PCL and PDLA mass fraction evolution during the mixing phase of 
the gradient library preparation (XA,0 = 0.4 and XB,0 = 0.05). Left: relative 
PCL and PDLA mass fractions over a 24 x 24 mm silicon substrate as a 
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